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ABSTRACT

The "Brittle Materials Design, High Temperature Gas Turbine'
program is to demonstraie successful use of brittle materials in
demanding high temperature structural applications. A small vehicular
gas turbine and a large stationary gas turbine, each utilizing
uncooled ceramic components, will be used in this iterative design
and materials development program. Both the contractor, Ford Motor
Company, and the subcontractor, Westinghouse Electric Corporation,

have had in-house research programs in this area prior to this
contract.

In the vehicular turbine project, steady state and transient
stresses were determined for a monolithic turbine rotor of hot-
pressed silicon nitride. A new rotor concept, using both hot-
pressed and reaction-sintered silicon nitride, has been analyzed
for steady-state stresses; work on bonding the two materials appears
promising. Improvements in chemically vapor deposited silicon
carbide uotors include the forming of hoops of sufficient
thickness and the production of material of considerably improved
purity. Blade cracking of the first stage ceramic stator was
duplicated on a thermal shock test rig, leading to improved
durability through a change .n the blade design. Some fabrication
variables of reaction-sintered silicon nitride were studied,
which indicate methods for material improvements.

In the stationary turbine project, a model of the 3-piece
stator vane assembly demonstrated that design integrity was
maintained when differential motion exceeded design limits
fivefold. The 3-dimensional finite element stress and heat transfer
analytical program has been applied to rotor blades, and pre-
liminary results are presented. Statistical data treatment has
been applied to hot-pressed silicon nitride, and additional property
data plus corrosion testing results are presented for hot-pressed
silicon carbide. It was found necessary to design and construct

a new static rig, delaying testing under turbine conditions until
August .
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FOREWORD

This report is the third semi-annual technical report of the
"Brittle Materials Design, High Temperature Gas Turbine'" program
initiated by the Advanced Research Projects Agency, ARPA Order Number
1849, and monitored by the Army Materials and Mechanics Research
Center, under Contract Number DAAG-46-71-C-0162. This is an
incrementally-funded five year program.

Since this is an iterative design and materials development
program, design concepts and materials selection and/or properties
presented in this report will probably not be these finally utilized.
Thus all design and property data contained in the semi-annual reports
must be considered tentative, and the reports chould be considered
to be illustrative of the design, materials, processing, and NDT
techniques being developed for brittle materials.
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1. INTRCDUCTION

B

As stipulated by the Advanced Research Projects Agency of the Department
of Defense, the major purposc of this program is to demonstrate that brittle
materials can be successfully utilized in demanding high temperature structural
applications. The gas turbine engine, utilizing unecooled ceramie components in
the hot flow path, was chosen as the vehicle for this demonstration. Two hun-
dred hours of operation over a representative duty cycle at ceramic tempera-
tures up to 2500°F is required for the demonstration.

It is the further purpose of this program to develop design technology for

{ ceramic materials on a systems basis requiring elose integration of design,
engincering, materials selection, materials proecessing and fabrication, testing

1 and evaluation.

The progress of the gas turbine engine has been closely related to the
development of materials capable of withstanding the engine's environment at
high operating temperature. Since the early days of the jet engine, new metals
have been developed which have allowed a gradual increase in operating tem-
peratures. Today's niekel-chrome superalloys are in use without cooling at
turbine inlet gas temperatures of 1800 to 1900°F. However, there is con-
siderable inecentive to further increase turbine inlet temperature to improve
specifie air and fuel eonsumptions. The use of ceramics in the gas turbine
engine as a demonstration vehicle for this program promises to make a major
step in increasing turbine inlet temperature. Success will offer significant ad-
vances in engine efficieney, power per unit weight, cost, pollution abatement,
and fuel utilization.

This program will demonstrate the use of ceramics in two demanding gas
turbine applieations:

(1) A small-vehiecular type of engine (Ford). Sueh an engine would have a
major impaet on the technology of mobile field power units, military
vehicles and eraft. As a consequence of its significantly increased
operating temperature it would not only provide more horsepower/ nit
weight than current engines, but would also provide improved fuel economy.
In addition, the benefits of low emissions and multi-fuel capability are
attained. A simplified schematie of the flow path of this regenerative type
of engine is shown in Figure 1.1. A brief explanation of this flow path will
be given to familiarize the reader with the various eomponents considered
for ceramics. Air is indueed through an intake silencer and filter into a
radial compressor, and then is compressed and ducted through one side of
each of two rotary regenerators. The hot compressed air is then supplied
to a combustion ehamber where fuel is added and combustion takes place.
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- Figure 1.1 — Flow Path Sehematie of Vechieular Gas Turbine

The hot gas discharging from the combustor is then directed into the
turbine stages by a turbine inlet structure, in this case shown as a nose
eonc. The gas then passes through the turbine stages which eomprise two
turbine stators, each having stationary airfoil blades which direct the gas
onto each corresponding turbinc rotor. In passing through the turbine, the
] gas expands and generates work to drive the compressor and supply useful
power. The expanded turbine ecxhaust gas is then ducted through the hot
side of each of the two regenerators which, to conserve fuel consumption,
transfer much of the exhaust heat back into the compressed air.

The parts which are subject to the pecak eycle temperaturc and arc madc
out of superalloys in today's gas turbine arc the eombustor, the turbine
. inlet nose conc, the turbine stators and the turbine rotors. Thesc arc
areas where ceramics could be exploited to the fullest and have becn
selected for application in the vehicular turbine project.

A
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(2) A large-stationary gas turbine for elcetric power production (Westinghouse).
Such an engine would bc most desirable for DOD installations requiring on
site power generation. Not only will ceramics facilitate significantly in-
creased operating temperatures with attendant improveraent in power and
fuel economy, but, because of their improved corrosion-erosion resistance
they will also facilitate use of low cost residual fuel. In addition, the en-
vironmental benefits of low emissions and lack of cooling water (with its
attendant thermal pollution problems) are attained. A simplified sketch of
the hot flow path of the engine is shown in Figurc 1.2. As with the vehicular
turbine projcct, a brief explanation of the flow path of the stationary turbine
will be given to help the reader understand the function of the components to
be made from ceramic materials,

Combustor
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Ceramic Stator Vanes

e \\\‘IW— . Turbine Section
T &/

_i?-.:if LIrL 5“

~—t—

~_ Engine ¢

Figure 1.2 — 30 Mw Test Turbine Flow Path

Air is induecd through a large intake silencer and filter into an 18 stage
axial compressor where it is compressed before ertering the combustor hous-
ing. The combustor housing supplies air at 6509F (0 combustion cans assem-
bled in a circumferential array. Air is mixed with distillate fuel or natural
gas and ignited in the primary combustion zone. The gas passes down stream
through the combustors mixing with secondary air. Flow continues from the
combustion scction, through the transition zone, and entcrs the power turbine
at a gas temperature of 2500°F. The hot gases expand trrough the three stage
turbine scction and arc either exhausted through a stack or ducted into a re-
hcat boiler as part of a combined cycle power generating unit.

The parts, where ceramics could be exploited to the fullest, sclected for
applieation in the stationary turbine project are the first stage turbine stator
vanes anc the first stage turbine rotor.




(Ford)

VEHICULAR TURBINE PROJECT

(Section 3 of Report)

Ceramic Rotors, Stators,
Shrouds & Nose Cones.

Deslgn, Analysis, Materials,
Fabrication & Testing,

To maintain coherence, progress on the vehicular and stationary turbine
projects are reported separately. Also reported separately is the common link
between these two programs, materials technology. Information presented under
materials technology is general, and does not specifically apply to one or the
other of the gas turbine engines. On the other hand, items report ed under the
vehicular and stationary turbine projects are categorized by components and
; thereforc relate directly to those projects (even these items, however, are in-
directly related when it comes to such considerations as design techniques, ctc.).

Figure 1.3 has been prepared to help the reader understand the interrelationship
between the major elements of the report.

-
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volve a complex iterative development.
eeramic materials from proeessrs for making parts; no mcre so can one isolate
the design of those parts from how they are made or fromn what they are made.
Likewise, thc design of mountings and attachments between metal and eeramic
parts within the engine are equally important.
environment of critical engine components is another link in the ehain.
these factors ha- a relationship with the others, and to obtain suecess in any one
may involve coni; rormises in thc others.
the iterative development since it provides a positive, objcctive way of evaluating
the various combinations of factors involved.
credibility to move on to the next link in the development chain. If unsuccessful,
the test flags a warning and prompts feedback to carlier devclopments to seck
out and solve the problem which has resulied in failure.
in the chain are evaluated by a complete enginc test. by which means the ulti-
mate objective of the program will be demonstrated.

STATIONARY TURBINE PROJECT

(Westinghouse)
(Seetion 4 of Report)

Ceramic Vancs &
Rotors.

Design, Analysis, Materials,
Fabrication & Testing.

i

MATERIALS TECHNOLOGY
(Ford & Westinghouse)
(Seetion 5 of Report)

Property data
. Microstructure
. NDT

Turbine -~ Breakdown of Major

Figure 1.3 — Brittle Material Design/iigh Temperature Gas

Elements Reported

Suceessful demonstration of a high tempevature gas turbine engine will in-
One cannot divoree the develooment of

Innovation in the eontrol of the

Each of

Testing plays an important role during

If successful, the test forms the

Finally, all of the links




Figure 1.4 shows a block diagram flow chart of the major factors involved
including the feedback loops, which serves to illustrate this complex and com-
prehensive iterative development program. The starting point is the concept of
a design to use brittle materials. From this, a design layout is prepared and
analyzed leading to the detailed design and analysis of the gas turhine engine
components made of or involving ceramics. In parallel with the design phase,
ceramic materials are developed and screened for application to the gas turbine
engine. Process development of candidate ceramics then takes place and material
science and property evaluation are used to improve materials and processes,
and to feed information back into the design phase. Next with the first detail
designs completed and with the process for the selected ceramics reasonably
developed, tooling can be designed and fabrication development started to make
actual ceramic turbine engine components. Non-destruciive testing of these
parts will be developed to form a feedback for improving material and fabrica-
tion methods. In conjunction with non-destructive evaluation, techniques will
be developed for proof testing ceramic components prior to use in engines. In
parallel with ceramic part fabrication, proof testing, and non-destructive
cvaluation, metal parts for the ceramic turbine engine and test rigs are made
per the detail design requirements. The ceramic and metai parts are then
dimensionally inspected and instrumented for engine testing. Assembly {echniques
for brittle materials are developed, and testing and durability developments in
both test rigs and engines are performed. Failure analysis from test rig and
engine testing forms the feedback loops for corrective action; almost all of the
factors involved in the development could be affected by experience learned in
the test phase of the program. Finally, when engine durability has reached
a given level of development, the 200 hour demonstration test will be conducted
to meet the program objective.

It should be noted that both the contractor and subcontractor had in-house
research programs in this area prior to the initiation of this program. Many
ceramic materials were extensively tested and screened leading to the selection
of silicon nitride and silicon carbide. In the stationary turbine program, pre-
liminary design concepts were in existence before the award of the contract.

In the vehicular turbine program, development was fairly well along and at
least onc pass had been completed through all of the factors shown in Figure 1.4
prior to the initiation of this program. This one pass, involving many minor
iterations led to a vehicular turbine hot flow path having all ceramic stationary
components and designated Design 'A'. Based on further experience gained

during engine testing, a modified flow path was generated and designated Design
'B' .

Since initiation of this program with AMMRC and ARPA, work
on both the vehicular and stationary gas turbine projects was

accelerated. Work accomplished during the first reporting period
included, for the vehicular turbine project, initial fabrication
development and successful preliminary testing of Design 'B!'
turbine stators and nose cones made of reaction sintered silicon
nitride. Design studies of ceramic turbine rotors showed that
computed operating stresses can be withstood by dense silicon

carbide and dense silicon nitride. Development programs were

started to explore several approaches to fabricate rotors in these
materials,

Accomplishments on the stationary turbine project during the first reporting
period included obtaining physical property data of hot pressed silicon nitride
ceramic and identifying microstructural details of this material. The initial
design of ceramic stator vanes was completed and calculated vane stresses were
reduced 40% by decreasing the stator vane chord.

e T e st
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The results of work accomplished during the second reporting
period included, for the vehicular turbine project, continued
fabrication developiment as well as rig and engine testing of the
second generation design (Design 'B') turbine stators and inlet
nose cones. Ceramic turbine rotor design studies were performed
on an expanded two-dimensional heat transfer computer program to
include rotor attachment designs. Progress was reported on the
milti-approaches being explored to fabricate a one-piece,
intricately-shaped turbine rotor from candidate high strength
ceramic materials.

The results of work accomplished on the stationary turbine
project included the stress analysis and design of first stage
vanes as well as a preliminary report on the rig for statically
testing the stator vanes. Progress on the development of a new
threc-dimensional, finite-element, stress analysis computer
program for subsequent use in ceramic rotor blade design are also
reported,

Development in materials technology for both the vehicular and
stationary gas turbines was reported and includes continued com-
pliation of material property data, continued characterization of
material structure, and development of non-destructive evaluation
techniques such as ultrasonics, radiography and acoustic emission.

The results of work accomplished during this third reporting
period include, for the vehicular turbine project, considerable
emphasis on the development of the ceramic turbine rotor. A new
concept for a silicon nitride rotor, termed 'duo-density", appears
promising based upon the results of stress analyses and fabrication
studies. Progress was made on the stress analysis aad the develop-
ment of machining techniques for fabricating monolithic rotors
from high-strength hot-pressed materials. A cracking problem in
the first stage stator blade appears solved with the aid of a
thermal shock test rig; engine testing thus far has corroborated
the results of rig testing.

On the stationary turbine project, a full scale model of the
first generation stator vane assembly has shown Fhat the d?51gn
will function when subjected to differential motions well in excess
of design limits. Using improved physical property data, the tran-
sient thermal stresses in the first stage stator vane have been
recalculated. The three-dimensional stress analysis program has
been applied for the preliminary determination of a dense silicon
nitride rotor blade.

Work on materials technology is continging in both the vehicu-
lar and stationary turbine projects. Addit%onal property data on
candidate ceramic materials has becn det?rmlned, and further rg-
lationships of microstructure to properties have.becn uncovered.

A number of processing parameters have been examined for reaction-

sintered silicon nitride.

This report covers the progress in the period July 1, 1972
to December 31, 1972.
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2. SUMMARY OF PROGRESS

2.1 VEHICULAR TURBINE PROJECT

The vehicular turbine project is composed of three primary
sections -- design, materials, and testing. Within these primary
areas there exist many tasks which must be accomplishea in order
to achieve the program goal of 200 hours of turbine engine operation
over a representative duty cycle at ceramic temperatures up to
2500°F. Each semi-annual report is really a progress report
detailing the results of work ~ver a six month time increment, and

reporting on the indivia. .1 accomplishments on the tasks which will
f culminate in the final program objective. /1

Work is in prog:.ess concurrently in areas of turbine engine
component design and analysis, ceramic material and process develop-
ment, material and engine testing, materials technology, and non-
destructive evaluation of ceramic engine components. Progress, made
in several of these areas in this reporting period, is summarized
in this section of the report.

(1) Design and analytical work for the determination of
ceramic rotor stresses is continuing. Considerable emphasis
has been placed on the study of the duo-density concept; the

| rotor blades are made of molded reaction-sintered Si3Ny, and
the hub is made of hot-pressed SisN,. Detailed steady state

P heat transfer and stress analyses of this concept have be=n
completed, and several possible joint configurations were egnalyzed.
The design ot =2 hot-pressed Si3N, monolithic turbine rotor has
also been analyzed, and stresses occurring during steady state
and transient operations were calculated. Refer to Section
3.1.1 for a more detailed account of this work.

(2) Development of fabrication techniques for the duo-
density turbine rotor has been concentrated on the method of "
bonding hot-pressed and reaction-sintered silicon nitride. t'sing 4
a tnin layer of alpha Si3N, powder to promote bonding, good
joints were obtained between these two materials. Tooling was
procured and used successfully for the injection molding of
a ring of airfoil blades as an integral unit. Refer to Section
3.1.2 for more detailed inforrn.ation.

(3) Improvements havz been made in forming of an integral
ring of rotor bladec uy the chemical vapor deposition of silicon
carbide. Hoops c<r sufficient thickness were formed. Refer to
Section 5.1.2 for more information.

(4) A test rig has been designed and construction started
for the testing of ceramic turbine rotors. This rig will fully 4
simulate the mechanical and thermal loadings experienced in
a gas turbine engine, but uses fewer parts and hence can be
quickly rebuilt following a rotor failure. A testing program
has also been developed. Refer to Section 3.1.3 for more details
of this work.
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(5) Improvements have been made in methods for the assembly
of stator segments into integral rings. A slip-cast grade of
reaction-sintered Si3N; has been developed having a transverse
strength of 40-50,000 psi, and is being utilized for rotor shroud
rings and for stator assemblies. Refer to Section 3.3.1 for
more detailed information.

(6) Previous cracking of first stage stator blades which
occurred during engine operation have been duplicated on a thermal
shock test rig. Using this rig, testing of variations in blade
shape resulted in changes in the blade shape which eliminated
the cracks. Engine testing of this modified design stator has
produced no blade failures after 14 hours. Refer to Section 3.3.2
for more information, and for additional engine test results.




2.2 STATIONARY TURBINE PROJECT

The stationary turbine project is a design study of brittle
materials in a high temperature gas turbine application, culminating
with the demonstration of uncooled ceramic stator vanes in a
30 Mw power turbine operating for 200 hours. This operation will
consist of 100 sequences of peaking cycle service. A peiformance
simulation of ceramic rotor blades will also be performed by com-
puter. Work is currently in progress in areas of stator vane
design and analysis, rotor blade design and analysis based on
3 dimensional finite element stress analysis codes, cemponent
fabrication, and material technology. This progress is summarized
in this section of the report.

(1) Emphasis was placed upon the mechanical aspects of
brittle material design for the first generation stator vane
configuration. The 3 piece ceramic stator vane design was reviewed
with respect to a full scale kinematic model built to demonstrate
the functional behavior of the ceramic vane assembly, insulators
and appropriate support structure. Dcsign integrity was preserved
when differential motion within the model was 5 times that expected
in the 30 Mw turbine. Refer to Section 4.1.1 of this report for
more detailed information.

(2) Engineering property data for Norton HS-130 silicon
nitride has been used to recalculate transient thermal stresses in
the airfoil. A maximum out-of-plane tensile stress of 41,000 psi
is expected to occur at the leading edge under emergency shutdown
conditions from 2500°F. Steady state stresses generated in the
airfoil, as a result of end effects, are also considered. Contact
stresses approaching 9600 psi tensile are expected at the airfoil
end cap interface, as a combined result of spring and gas pressure
loading. Transient thermal stresses in the end cap are expected
to reach a maximum tensile stress of 21,200 psi in the steady
state condition. Work to date indicates that the strength
of silicon nitride exceeds the stress requirement in all cases
studied. Refer to Section 4.1.2 for more detailed information.

(3) The Norton Company has experienced difficulty in the
initial machining of first generation end caps from 11S-130
silicon nitride. Fifteen airfoil sections are complete. Delivery
of 40 end caps has been delayed until January 30, 1973. Norton
has produced hot pressed silicon carbide with properties roughly
equivalent to their high strength silicon nitride. Refer to
Section 4.1.3 for more detailed information,




(4) A new static rig has been designed for the testing
of ceramic stator vane assemblies in a turbine environment at
2200 and 2500°F. The time required for construction, installation,
instrumentation and check out of the test facility will delay
static rig testing until August 1973, Refer to Section 4.1.3
for more detailed information.

(5) Elastic stress and heat transfer programs for the
3 dimensional finite element code have been expanded to include
anisotropic and temperature dependent materials properties. Com-
pletion of a data transfer system makes it possible to use the
new system for rotor blade design and analysis at this time.
Preliminary results indicate that a maximum tensile stress of
22,700 psi will occur in the dovetail attachment area of a Sij3Ny
blade rotating at 3600 rpm. Refer to Section 4.2.1 and 4.2.2,
respectively, for more detailed information on 3 dimensional
finite element stress analysis and rotor blade design.




2.3 MATERIALS TECHNOLOGY - VEHICULAR AND STATIONARY TURBINE
PROJECTS

Complete property characterization of the ceramic materials
for turbine engine use in an enormous task, which will proceed
throughout the life span of the contract. This task is also
complicated by the fact that many of the materials being investi-
gated are in the developmental stage and improvements in properties
are anticipated, which will require that some, if not all of
the physical properties must eventually be re-determined. Progress
in materials technology is summarized in this section of the
report.

(1) Physical property data was obtained for various ceramic
materials during this reporting period. Transverse strength
measurements were performed on Norton HS-130 hot-pressed silicon
nitride and "Refel" reaction-sintered silicon carbide. Shear
modulus data was obtained on hot-pressed silicon nitride, hot-
pressed silicon carbide, and lithium-aluminum-silicate. Refer
to Section 5.1.1 for more information on these results.

(2) Ssufficient physical property data are now available
to initiate a statistical interpretation of the thermal and mechanical
behavior of Norton HS-130 silicon nitride, the material from
which first generaticn vane assemblies for the stationary gas
turbine have been fabricated. Using Weibull statistics as a
basis, it was found that volume affects strength more than area
at elevated temperatures when flexural and tensile data are cor-
related. Silicon nitride continues to exhibit anisctropy, strain
rate sensitivity at elevated temperatures, and temperature dependent

material properties. Refer to Section 5.1.1 for additional information.

(3) The flexural strength of Norton hot-pressed silicon
carbide compares favorably with HS-130 silicon nitride. Values
decrease from 76,000 psi at room temperature to 50,000 psi at
2500°F. Scatter in the data, however, makes it impossible to
determine anisotropy or strain rate sensitivity at this stage
of the investigation. A tensile strength of 26,200 psi is reported
at 2300°F. Preliminary results indicate that the stress rupture
properties of silicon carbide are significantly better than silicon
nitride. Refer to Section 5.1.1 for the results of this work.

(4) The corrosion-erosion tests in the turbine test passage
shows oxidation resistance of silicon nitride continues to appear
excellent, and similar preliminary results were obtained for silicon
carbide. Weight losses of 10 mg/cm? were observed for Norton
hot-pressed silicon carbide after 250 hours at 2000°F. Additions
of Na, Mg, S and V did not alter the results of either silicon
nitride or silicon carbide significantly. Section 5.1.2 details
the results of these tests.
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(5) The effect of varying the a/f ratio upon properties
of reaction-sintered Si3N, was investigated. It was found that
density, strength, and elastic modulus were constant up to 65% a.
Refer to Section 5.2.1 for a detailed account of this investigation.

(6) In the continuing study of processing parameters, the

t effect of variations in the nitriding cycle upon the strength of

| reaction-sintered silicon nitride was investigated. Evidence points
to improvements in strength, and a finer grain structure, as
nitriding time at high temperatures is reduced. Refer to Section
5.2.1 for more information.

(7) Alkali metal oxide impurities present in the grain
boundary phase of hot-pressed silicon nitride have a significant
effect on the high temperature properties. Strength is inversely
{ proportional to combined Na, K, and Ca concentration within the
' range 0.04-0.08 w/o as shown by a reduction in flexural strength

at 2300°F from 55,000 to 30,000 psi, respectively. Auger analysis
confirms a high concentration of Ca in the grain boundary. Refer
to Section 5.2.2 for more details of this study.

(8) The salient features of microstructure have been defined
for hot-pressed silicon carbide. Grain morphology and impurity
levels were established by electron microscopy and spectrographic
analyses. A transition from cleavage to intergranular fracture
with temperature was found. Refer to Section 5.2.2 for more
information.

e e ————
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3. PROGRESS ON VEHICULAR TURBINE PROJECT
3.1 CERAMIC ROTOR DEVELOPMENT
SUMMARY

The vehicular turbine ceramic rotor development program
is continuing with the investigation of several basic concepts
simultaneously, using as candidate materials hot-pressed silicon
nitride, reaction-bonded silicon nitride and fully dense silicon
carbide.

Considerable emphasis is being placed on a ""duo~-density"
silicon nitride rotor program. In this concept, the relatively
low-stressed rotor blades are formed from reaction-sintered
silicon nitride, thus enabling existing technology to be used
to form the complex blade geometry. The disk is fabricated
from hot-pressed silicon nitride, which is able to withstand
the higher operating stresses which occur in this area, Detailed
steady state heat transfer and stress analyses of this concept
have been completed. Several configurations of the joint between
the two materiais were evaluated theoretically. Development
work is in progress to fabricate and evaluate these joints,
Preliminary results indicate that the bond strength exceeds
the strength of thc reaction-sintered silicon nitride. Tooling
has been obtained and used successfully to fabricate the injection
molded blade rings.

Development is continuing on a fully integral blade and
disk turbine rotor concept. This design has been analyzed for
thermal and mechanical stresses, and basic design modifications
have been incorporated as a result of these analyses. This
concept is very attractive from a materials strength standpoint.
However, it presents fabrication difficulties. Several programs
are being conducted, both by Ford and by other companies, to
overcome these problems.

The Ford pseudo-isostatic fabrication method has been de-
emphasized because of fabrication problems. The primary problem
was lack of truly isostatic pressures applied to the blade and
disk regions. This non-uniformity in pressure resulted in twisted
and fractured blade sections.

The program with Energy Research Corporation to fabricate
turbine rotors by chemical vapor deposition (CVD) of silicon
carbide has been successful in filling the blade cavity. How-
ever, more effort will be required to achieve a completely filled
hoop under each blade cavity. Improvements have been mude in
producing CVD silicon carbide of improved chemical purity,
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Ultrasonic machining of a rotor from a hot-pressed silicon
nitride blank has continued. Preformed silicon nitride rotor
blanks have been suiccessfully hot-pressed and disk contouring
tools have been developed to finish these preformed disks to
final shape. Developments so far indicate that ultrasonic machining
will be a very slow method of making a complete turbine rotor.

Electric discharge machining of dense silicon carbide has
been improved during this reporting period. A study was initiated
to optimize machine power setting, resulting in material removal
rates of 0.206 cubic inch per hour.

A turbine rotor test rig has been designed to use in ceramic
rotor development. The rig has been designed to use many engine
components, but is considerably simpler than the engine.

-




3.1.1 DESIGN AND ANALYSIS

Introduction

Heat transfer and stress analyses studies, discussed in
earlier reports,(lxz) for two rotor design concepts have been
conducted during this reporting period. The monolithic design
has continued tc be investigated and some minor modifications
were made. In iddition, a new ceramic rotor design called the
""duo-density" concept has been investigated. Engine start-
up and full-power-acceleration analyses of the rotor assembly
are presented for the monolithic design; steady-state analyses
are presented for the ''duo-density' concept.

Parametric studies of duo-density bond joint configurations
were completed in this reporting period.

The rotor/shaft attachment program is currently entering
intc the test phase and will not be reported until significant
testing has been completed.

Analysis of Design 'C' Monclithic Silicon Nitride Ceramic Rotors
In the previous report,(l) the basic design process for
analyzing ceramic components was discussed, and the finite element
computer models were illustrated. Results of analyses conducted
with some of these models are discussed in this section for

cases using fully dense hot-pressed silicon nitride as the rotor
material.

It should be noted that the rotor models presented in the
last report(1l) were Design 'B' rotors while those discussed
in this report are Design 'C'. The major difference between
the two designs is in the platform area. Design 'B' rotors
were connected through a long platform which served as the inner
wall of the hot gas flow path. Design 'C' rotors are connected
through the hub region. The inner wall of the hot gas flow
path is now completed by an shroud on the second stage stator.

The change from Design 'B' to Design 'C' resulted from
both mechanical and aerodynamic design considerations. From
the mechanical design standpoint, Design 'C' rotors offer a
lower inertia resulting from the reduced radius of gyration.
The Design 'C' coupling between rotor stages is in an area of
lower stresses and increases the symmetry of the rotor design.
From the aerodynamic aspect, there is less hot gas leakage between
the two rotor stages.

17
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The finite element models of Design 'C' first and second
stage rotors are shown in Figures 3.1 and 3.2 respectively.
The difference between the Design 'B' and Design 'C! rotors
is readily seen with reference to the last repor'c(1 - The rotor
assembly model has remained the same, with the exception of
separating the long platform from each rotor by use of psuedo
material properties where required. The results presented will
be based on analyses conducted with the finite element model
of the rotor complete with the attachment assembly.

The design of ceramic components is an iterative procedure.
The analysis of a complex assembly is used to accurately define
the boundary conditions for individual components or problem
areas within the assembly. The model of the rotors, complete
with the attachment assembly, is used to define the boundary
conditions for a more refined and detailed analysis of each
rotor.

There are two critical areas where the tensile stresses
peak, excluding areas of stress concentration adjacent to the
rotor coupling face splines. These critical areas are the rotor
neck and the center of the hub at the bore. The stress distributions
across the neck of the first and second stage rotors are shown
in Figures 3.3 and 3.4 respectively. The stress distributions
shown are at full engine speed with steady state thermal boundary
conditions. For analytical purposes, full speed conditions
assume operation at the maximum turbine inlet gas temperature
of 2500°F and 110% of design rotational speed, in order
to allow a margin of safety for engine control uncertainties.
These are the most severe steady state operating conditions
expected. Thermal and mechanical stress distributions are
shown separately in order to better indicate the geometrical
effects of the design.

1t can be seen that the thermal stresses are relatively
low and uniform, indicating an even tempecrature distribution.
The front face of the first stage rotor and the rear face of
the second stage rotor are slightly cooler than the opposite
faces, as shown in Figure 3.5, which accounts for the slightly
higher stresses on these surfaces.

The mechanical stresses are higher at the rear face of
each rotor, indicating bending in the rotor neck. Even though
the blade loads are symmetrical with the rotor disks, the longer
trailing-edge-side of cach platform causes bending. 1t can
be seen from Figures 3.3 and 3.5 that the first stage rotor
disk must withstand a combined stress of 34,000 psi at a material
temperature of 2000°F in the neck. The second stage rotor disk
must be capable of withstanding a stress of 43,000 psi at 1600°F
in the ncck.
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Figures 3.6 and 3.7 show the distribution of circumferential
or hoop stresses at the center of the hub near the bore for
the first and second stage rotors respectively. The maximum
combined hoop stress occurs at this point. This stress, when
extrapolated out to the bore surface, is also 34,000 psi and
43,000 psi for the first and second stage rotors respectively
under full speed steady state conditions as explained previously.
The respective temperatures at these points on the bore surfaces
are 1500°F and 1300°F. Thermal stresses increase towards the
ends of each hub as indicated by the thermal gradients shown
in Figure 3.5. However, the mechanical stresses decrease over
the same region. The net result produces a slightly decreasing
stress gradient moving away from the center of the hub.

The stress distribution for idle engine conditions have
not been shown since they are not as severe as the full speed
stresses. The thermal stresses in the hub region at engine idle
conditions are expected to be equivalant to full speed thermal
stresses as indicated by isotherms shown in Figure 3.8. The
mechanical loading, however, is reduced to only one quarter of
that which occurs at full speed, thus producing a much lower
total stress distribution for engine idle conditions.

Thus far, only conditions for steady state operation have
been discussed. Although these are the maximum sustained stresses
the rotors will be subjected to, they are not the pecak instan-
taneous stresses. The peak stresses occur during thermal tran-
sients. The first set of transient conditions studied are re-
ferred to as the first and second transients. These transients
appear to be the most severe ot dany which might occur under actual
engine operating conditions.

The first transient, which models engine start-up, assumes
the engine to be at room temperature, then rapidly subjected
to idle speed and turbine inlet temperaturc conditions. A thermal
stress analysis of the rotors and attachment assembly was conducted
as a function of time. The results of this analysis indicates
that the rotor stresses in both the neck and bore rcgions of
the first and second stage rotors reach a maximum value 40 seconds
from the initiation of the transient.

The second transient, which uadelr an engine full-power
acceleration, assumes that at the time of maximum stress during
the first transient the turbine inlet conditions are rapidly
increased to full speed. A thermal stress analysis was conducted
as a function of time to determine the peak transient stress
for this operation.
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Figures 3.9 and 3.10 show the combined mechanical and thermal

stresses in the circumferential and radial directions during
the first and second transient for both rotor stages. These
plots were constructed from the analysis of the rotor-attachment

assembly model. Figures 3.11 and 3.12 show the isotherms throughout

the assembly during the first and second transients at 40 seconds
and 55 seconds respectively from start of the transients. These
are the times of maximum stress in each transient. The absolute
maximum occurs in the second stage disk at 55 seconds during

the second transient. The stresszs in both the hub and neck
areas are 48,000 psi at 600°F an« 1200°F respectively. It should
be pointed out that these stresses were not extrapolated out

to the surface. Based on the extrapolated steady state stresses
(Figures 3.4 and 3.7) the transient stresses may be as much as

25 percent higher at the surface. This will be verified in the
refined analysis of the individual rotors, which is currently

in progress.

The previous discussion has assumed no load was exerted
by the rotor attachment bolt. The rotor bolt was allouwed to
float as required under varying temperature conditions. However,
when the bolt is fixed the load will tend to increase stresse:s
in the hub areas. Stresses will increase in the vicinity of
the couplings between the rotor bolt, the first and second stage
rotors, and the turbine shaft. This increase is due to shear
at the interfaces resulting from friction on the sliding surfaces.
At present this friction force has not been evaluated.

The current analysis(l) indicates the required bolt load is
approximately 7300 pounds when the engine is at room temperature.
This load increases to 8500 pounds during the second transient
and then relaxes back to approximately 1400 pounds for steady
state operation. This steady state load is required to maintain
contact between the coupling surfaces with due consideration
of the expected dynamic loads of the assembly. Additional more
refined analyses will focus on each individual rotor and will
include the previously discussed conditions of idle and full-

power steady state, first and second transients, and the corresponding

rotor bolt loads. Future studies are planned to analyse the
stress distribution following a normal shutdown of the engine
(soak-back), a flame-out shutdown from steady state operation
and a flame-out shutdown from a start-up transient.

Analysis of Design 'C' Duo-Density Rotors

The duo-density rotor is composed of a ring of blades of
molded reaction-sintered silicon nitride bonded to a disk of
hot pressed silicon nitride. Please refer to Fig. 3.22 for a
sketch of this concept. This section presents the results of
the mechanical and thermal stress analyses of the duo-density
rotors. Centrifugal and steady state thermal load conditions
were determined at both idle and 110% speed as defined in the
previous section.
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The location of the joint between the hot pressed and reac-
tion sintered materials is influenced by the stress distribution
in the rotor disk. Because high stresses exist at the bore and
between the neck and rim of the disk, it is apparent that as
much of the disk as possible should be made of the higher-strength,
hot-pressed silicon nitride. As a consequence, the location
of the joint will be primarily dictated by practical considerations
of the bonding process. A study was made to determine stresses I
for various joint configurations between the two materials.

This study considered five different joint configurations
as shown in Fig. 3.13. The straight line configuration (No.
1) resulted in the lowest stresses, not only along the joint
surface but also in the neck area.

. peall - 4

The analytical methods used in this study were axisymmetric
finite element heat transfer and stress programs. Step changes
in material properties were assumed to occur across the joint
surfacz. Blade loading was assumed to be uniformly distributed
over the rotor platform. Average thermal conductivity values
of the reaction-sintered material were used as input into the
heat transfer program. An accurate assessment of the temperature
and stress distributions in the immediate vicinity of the blades ]
requires a three-dimensional analysis. ;

The procedure for the thermal stress analyses requires two
major steps. The temperature distribution of the rotor assembly
is determined from a model of both rotors plus the attachment.
Refined models of each rotor, using the temperature distribution
from the assembly model, are used to determine the stress distributions.
The procedures used in this analysis are similar to those used
in the monolithic rotor analysis described in the previous section
and in the last report(l).

Steady-state heat transfer analyses were conducted for idle
and full speed conditions. Isotherms for the idle condition,
first and second stage rotors, are shown in Figures 3.14 and
3.15. Isotherms for the full speed condition, first and second
stage rotors, are shown in Figures 3.16 and 3.17.

Stress analyses were performed for the following three
conditions:

(1) 110% speed centrifugal loading.

(2) 110% speed centrifugal loading
plus steady-state thermal stresses.

(3) 1Idle speed centrifugal loading plus idle ]
steady-state thermal stresses. 3
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Figure 3.13

Figure 3.14

Five Joint Configuration Studied for the
Duo-Density Rotor Concept

Isotherms in °F Determined for Idle Speed,
First Stage Duo-Density Rotor
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Figure 3.17 Isotherms in °F Determined For Full Speed,
Stage Duo-Density Rotor

Figures 3.18 and 3.19 show the distributions of hoop and
radial stresses respectively along the joint surface for the
first stage rotor. The hoop and radial stresses along the joint
surface for the second stage rotor are given in Figures 3.20 and
3.21. These stresses occur in the reaction-sintered silicon
nitride portion of the duo-density rotors. The maximum bore and
neck stresses occuring in the hot-pressed silicon nitride disk for
the three loading conditions are presented in Table 3.1.
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Table 3.1

Thermal
Condition

Rotor
Rotational Speed

Bore Stresses
Neck Stresses
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Maximum Bore and Neck Stresses - Duo-Density
Rotor - Concept 1.

FIRST STAGE

SECOND STAGE

Mech. Full Mech. Full
Only Idle S.S. Speed S.S. Only Idle S.S. Speed S.S.
110% 55% 110% 110% 55% 110%
24,000 psi 15,000 psi 35,000 psi 28,000 psi 17,000 psi 37,500 psi
30,000 18,000 41,300 27,000 18,000 40,500




3.1.2 MATERIALS AND FABRICATION

Introduction

Previous work(I’ 2)on fabricating ceramic turbine rotors
has been concerned primarily with two candidate materiels; fully
dense silicon nitride and fully dense silicon carbide. Work
has also been initiated on the duo-density rotor concept, as
described in Section 3.1.1, which consists of a ring of molded
reaction-sintered silicon nitride blades joined to a hot-pressed
silicon nitride disk. In this concept, the high strength of
hot-pressed silicon nitride is utilized in the disk region where
stresses are greatest but temperatures are moderate and therefore
Creep problems are minimal. The blade portion, which reaches
the highest temperatures, but at lower stress levels, is made
from reaction sintered silicon nitride. The reaction-sintered
material does not contain densification additives which contribute
to creep in the hot pressed material.

Because of difficulties encountered in trying to make a
3 . . . (E:2)
ceramic rotor by the pseudo-isostatic approach previously reported,
emphasis has shifted to a study of assembling and bonding compo-
nents for the duo-density concept. Additional fabrication benefits
of this approach are apparent. Technology is well-developed(l»-)
for injection molding of the complex airfoil shapes of the rotcr
blades while fabrication of the relatively simple disk shape
from hot-pressed material is much closer to current state of
the art.

Programs for fabricating monolithic rotors from hot-pressed
silicon nitride include (1) ultrasonic impact grinding of blades
from disks hot-pressed to the contoured rotor shape and (2)

a conformable tool, psuedo-isostatic hot-pressing technique
to form the blades without the need for machining.

Programs for fabricating rotors from dense silicon carbide
include (1) chemical vapor deposition and (2) electric discharge

machining from a disk of hot-pressed silicon carbide.

Pseudo-Isostatic Hot-Press Method

Hot-pressing is the principal method of fully densifying
silicon nitride (Si3N,) because of its inherent resistance to
sintering due to low atomic mobilities and high decomposition
pressures at the sintering temperature. Hot-pressing or pressure
sintering is the simultaneous application of pressure and tempera-
ture to an object usually contained within a graphite die system.

Because of the ability to form complex shapes, the pseudo-
1sostatic hot-pressing technique is one approach that has been
investigated. (1) This approach utilizes a powder bed, usually
graphite or boron nitride, which behaves as an isostatic fluid
to transmit uniaxially applied pressure isostatically to a pre-
formed part. After considerable effort, two major problems con-
tinued to persist. The blade airfoils deformed and fractured
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during pressing, and the blades reacted severely with the graphite
powder bed to form silicon carbide. The distortion and cracking
of the turbine blades was caused by non-uniform flow of the powder
media through the blade openings during hot-pressing. Variations
in the techniques of loading and applying pressure did not solve
the problem. Solid individual graphite inserts were designed

to fit between the blades. These inserts greatly reduced the
deformation, and allowed some densification of the turbine blades.
However, all the blades exhibited some degree of fracture due

to bonding between the graphite inserts and the blade airfoils,
making the use of inserts impractical.

The severe reaction of SisNy turbine blades with the graphite
powder bed continued to be a problem. The trailing edges of
the blades are only 0.020 inch thick and complete conversion
to a weak, powdery SiC resulted. The use of boron nitride as
a powder media eliminated the reaction to form SiC, but boron
nitride densified around the blades making removal of the finished
part most difficult.

Because of these problems, the pseudo-isostatic hot-pressing
technique has been de-emphasized in favor of more attractive
alternatives for the fabrication of ceramic turbine rotors.

Duo-Density Method

The duo-density concept consists of blades of molded reaction-
sintered Si3N, joined to a hub section of hot pressed SisNy,
producing an integral turbine rotor. This concept is illustrated

by a simplified cut-away view, Figure 3.22. The principal advantages

of this concept are (1) known technology exists to form the reac-
tion-sintered Si3N, complex blade airfoils(l, 2), (2) reaction-
sintered SisN,, whose strcn%th although low does not deteriorate
with increasing temperature(l), is utilized for blades where
operating stresses are low but temperatures are high, and (3)
high-strength hot-pressed Si3N, is utilized in the hub region

where stresses are high but operating temperatures are low, minimizing

the high-temperature creep characteristic of hot-pressed SisN,.

The reaction-sintered portion of the duo-density turbine
rotor consists of a ring of blades. Tooling was obtained for

HOT-PRESSED

ma Nq;?
REACTION
SINTERED
S|3 N4
Figure 3.22 Duo-Density Turbine Rotor Concept
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the injection molding of this component. Figure 3.23 illustrates
two views of the molded blade ring along with the disk-like molding
sprue which is subsequently machined off. This entire assembly

is injection molded as one piece from silicon metal powder in an
organic carrier which is later burned off and the component nitrided
to form Si3N,. The ring adjacent to the blades can be easily
modified to accommodate various design concepts of the reaction-
sintered Si3N, hot-pressed Si3N, joint interface.

Figure 3.23 Injection Molded Blade Ring for the Duo-Density Rotor
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Fabrication techniques for bonding the reaction-sinterec
SisNy blade ring to the hot-pressed Si3N, disk are presently
being developed. To expedite studies, reaction-sintered Si 3Ny
components of simplified shape which simulates the turbine rotor
were used. A reaction-sintered Si3Ny ring with a simplified
hot-pressed SisNy hub is illustrated in Figure 3.24. The small
cylindrical hot-pressed disk was machined to sdip fit within
the inner diameter of the reaction-sintered Si3N, disk, while
two hot-pressed Si3N, disks are used on the top and bottom of
the reaction-sintered disk to form the hub.

The reaction-sintered SisN, rings were fabricated by cold
pressing or slip casting silicon metal, nitriding the rings to
form Si3N,, and machining the Si3N, ring to the desired dimensions.
The Si3N, components for the hub were prepared by hot-pressing
alpha-Si3N, powder to theoretical density followed by machining
each disk. All bonded surfaces were machined to remove any
oxide or reaction surface layer. The components were assembled
and re-hot-pressed to bond the parts. A typical simplified
duo-density shape which has been bonded in this manner is shown
in Figure 3.25.

The bonding between the Si3N, component parts was excellent,
as shown by the sectioned assembly in Figure 3.26. A closer
view of the joints between the various components is shown in
Figure 3.27. The duo-density shape in Figures 3.26 and 3.27
was hot-pressed at 1775°C and 2,000 psi for one hour. A thin
Si3N, coating consisting of Si3N, powder dispersed in laquer
containing 1 w/o MgO was painted on all bond surfaces to enhance
densification and fill any small machining defects which may
have been present.

The first few hot-pressed duo-density blanks exhibited
radial cracks and severe reaction of the Si3N, with the graphite
hot-pressing dies to form SiC. The radial cracking problem
was eliminated by using small graphite spacers to prevent the
inner graphite sleeves from exerting excessive pressure on the
reaction-sintered SisN, disk during hot pressing.

The severe reaction occurring in the reaction-sintered
SigNy, forming SiC, is shown in Figure 3.28. Various barrier ‘
materials have been evaluated to eliminate this reaction. Carbon i
cloth and boron nitride were not effective in reducing the reaction.

However, both graphite and molybdenum foils were both very effective. \
For the latter two barrier materials to be effective, the cavity
must be tight and completely lined with the barrier material.

A duo-density shape hot-pressed using molybdenum foil as a barrier
material is shown in Figure 3.29.
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Figure 3.24 Simplified Silicon Nitride Components Used
for Bonding Studies

REACTION - SINTERED
Si3Ng DISC

H(T - PRESSED
Si4N4 HUB REGION

Figure 3.25 Bonded Duo-Density Shape
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Figure 3.26 Sectioned Duo-Density Shape

Figure 3,27

Magnified view of Joints in Duo-Density
Shapes




Figure 3.28 Effect of Reaction With Graphite on

Silicon Nitride

Surface of Silicon Nitride After Hot-Pressing
with a Molybdemium Foil Barrier to Prevent
Reaction




Bonding studies have been initiated to determine the optimum
hot-pressing parameters to obtain satisfactory bonding between
the Si3Ny components. These studjes were conducted using 2 inch
diameter disks of both materials which were joined by hot-pressing.
The reaction-sintered disks were prepared by nitriding preformed
silicon disks and the hot-pressed disks were prepared by hot
pressing AME a-Si3N, powder. The bonding surfaces of each billet
were machined to remove any oxide or reaction surface layer.

The controllable parameters that affect the degree of bonding
are temperature, pressure, time, and a bond-promoting material.
This added material was a slurry of Si3N, powder dispersed in
laquer with varying amounts of MgO ranging from 0 to 5 w/o, which
was painted on the bond surfaces of each disk to enhance bonding.
The bonded samples were characterized with respect to microstructure
and strength.

As an example of microstructure characterization the structure of
twe bonded samples (HP-162 and HP-165) are shown in Figures 3.30 and
3.51 respectively. The only difference betwveen the processing of
the two samples is that HP-162 contained a bond promoting layer of
Si3Ny containing 2 w/o MgO while HP-165 had nothing added to its
bonding surface prior to processing. Both samnlcs were hot pressed
at 1775°C under a moderate pressure of 1000 psi and held for only
one hour,

The bond for iIP-162, shown in Fig. 3.30, appeared poorer then the
bond for HP-165, shown in Fig. 3.31. It is probable that the
relatively low pressure (1000 psi) and time (1 hour) were insufficient

to densify the Si3Ny bond promoting layer leaving a region of considerable
porosity at the bond. The bond for HP-165, shown in Fig. 3.31, appeared

considerably better in that a portion of the reaction sintered Si3Ny
had undergone significant densification to approximately S5 microns
below the original contact surface. This may be due to diffusion

of some MgO sintering aid from the hot pressed material into the
surface of the reaction sintered material during pressure bonding and
appears to improve bonding under these conditions. The small white
Spots are tungsten, deliberately added to the Si3Ny powder to assist
in the location of the bond region,

Room temperature flexural strength measuremerts were made to
evaluate the bond strength. The strength measurenents were con-
ducted on tests bars (1/8 in. x 1/8 im. x 1-1/8 in. long) in 3 point
loading with a 0.75 inch span. The test bars were machined such
that one-half of the test bar was composed of each material. The
samples were positioned such that the point of maximum tensile stress
occurred at the joint. The strength values obtained varied from
23,000 psi to approximately 31,000 psi, and there appeared to be no
correlation between strength and the degree of bonding, as judged from
the microstructure of various bonds tested.
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Figure 3,31 Microstructure of Duo-Density Bond, Sample |
HP-165. 500X
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Perhaps of greater importance is the observations of the
location of the fractures. Fifty percent of the HP-162 test
bars fractured at the bond and fifty percent in th: reaction-
sintered Si3Ny, indicating the strength of the bond and reaction-
sintered Si3Ny are similar. All the HP-165 test bars fractured
in the reaction-sintered Sij3N, portion and none at the bond,
indicating that the bond was stronger than the reaction-sintered
Si3Ny. The strength results therefore reflect the metallographic

| observations that sample HP-165 was a better bond than sample |
HP-162.

These results indicate *hat good bonding can be obtained
{ between reaction-sintered and hot-pressed Si3yNy. Work is con-
tinuing to optimize the fabrication parameters.

Ford/Lucas Silicon Nitride Program

The Joseph Lucas Company, under subcontract to the Ford

Motor Company, is engaged in a program to fabricate ceramic
turbine rotors from hot-pressed silicon nitride.

The fabrication method starts with well characterized,
high alpha phase, reactive silicon nitride powder, from which
complex blade shapes are formed .individually by injection molding
the powder with a suitable vehicle. These will be assembled
and densified by a conformable tool method.

Figure 3.32 illustrates this concept. The starting shape,
which is larger than the final shape because of the densification
occurring during hot-pressing, is delineated by the lighter
lines in Fig. 3.32. The heavier lines show the final shape ’
of the finished hot-pressed rotor.

Pending delivery of tooling to fabricate the blade preforms,
work is in progress to hot-press the hub section. Using reactive

DIRECTION OF APPLIED FORCE

HALF HUB PREFORM

HOT PRESSED ASSEMBLY

BLADE PREFORMS (36 OFF)

T HALF HUB PREFORM |

{ Figure 3.32 Lucas Concept for Hot-Pressing of Silicon
Nitride Turbine Rotors
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Si3Ny powder, which results in hot-pressed material with an
average transverse strength of 132,000 psi, initial trials re-
sulted in hot-pressed hubs close to desired dimensions. Some
cracking, primarily in the radial direction, has been observed
on all hubs. Modifications to the dimensions of the starting
preform will allow hot-pressing to the correct final dimensions,
and work is in progress to eliminate the cracking problems.

Ford/Energy Research CVD Silicon Carbide

It was previously reported(l’ 2)that Energy Research Corpora-
tion is developing a process to form turbine rotors by the chemi- (1)
cal vapor deposition (CVD) of silicon carbide. It was established
that a full sizc integral rotor shape could be formed in a tung-
sten mold and released intact as a free standing shape. However,
filling of the mold was incemplete, resulting in hollow weak
blades and not enough material in the hoop region. In addition,
some cracks due to residual stresses were apparent.

Development of the CVD process has continued with emphasis
on improvements in these problem areas.

A study is in progress to optimize deposition parameters
governing the rate of deposition of silicon carbide within speci-
fic regions of the tungsten mold. These include:

Temperature distribution within the mold.

Concentration of reactant gases in the
carrier gas.

Flow rate of the gas mixture.
Deposition time and temperature.

Results to date of this study are illustrated in Fig.
3.33 and Fig. 3.34, which show that blade fill can be achieved
while a hoop of sufficient thickness is also formed. Fig. 3.33
also shows the cavity at the base of the blades. More work
is required in order to form a homogeneous hoop under the blade
Troots.

Fig. 3.35 is a macrophotograph of a 1/16 in. thick cross
section of CVD SiC as deposited inside a graphite cavity sliced
from a 1-1/2 irch by 3/4 inch hollow shape, originally S inches
long. The flow of gases was normal to the plane of the picture,
with deposition proceeding from the periphery of the graphite
cavity inward towards the central opening through which the
reactant gases were passing. The CVD silicon carbide is translucent,
indicating a relatively pure homogeneous deposit. Curved lines
from the four sharp corners simulate the way silicon carbide
deposits might grow together after bridging a blade root in
forming a rotor hoop. Fig. 3.36 is an electron micrograph taken
at 7,100X of a translucent portion of that junction. This is




a replic. transmission photograph of a polished section etched
6 minutes in a fused mixture of 95.4 grams potassium carbonate
and 13.0 grams sodium fluoride, and shows that the two growth
regions depositing nearly 90° to each other can be made to knit
into a dense product.

Figure 3.33 CVD Silicon Carbide Rotor

Figure 3.34 CVD Silicon Carbide Rotor Showing Fully
Filled Blades
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Figure 3.35 Thin Cross Section of CVD Silicon Carbide

Figure 3.36 Microstructure of CVD Silicon Carbide at
Joint of Two Adjacent Regions. 7100X
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A few small regions of the macrophotograph, Fig. Z2.35,
appear opaque and were compared with their neighboring translucent
regions. Fig. 3.37 illustrates the microstructure from an opaque
regicn, while Fig. 3.38 shows the microstructure of an adjacent
translucent region. These two figures zre also transmission
replica electron micrographs, and show many small inclusions
of impurities occurring in Fig. 3.37 which are absent in Fig.
3.358. These impurities apparently cause the opacity. These
photographs are preliminary results of an extensive characterization
study which is currently in progress.

Ultrasonic Machining

Because of the long lead time anticipated in the development
of fabrication techniques for ceramic turbine rotors, work was
initiated aimed at machining of rotors from hot-pressed silicon
nitride blanks. Ultrasonic impact grinding has been shown to
be a feasible means of machining hot-pressed silicon nitride
parts as pointed out in the last report(l . Two aspects of
this work are presented here; fabrication of the silicon nitride
blanks and machining of the airfoil blades.

Work continued during this reporting period on the fab-
rication of contoured turbine rotor blanks for use in developing
ultrasonic machining of airfoils. These blanks were made by
hot-pressing to approximate contour in pre-shaped graphite dies
and then ultrasonic machining to obtain the center bore and

accurate contour.

Figure 3.37 Microstructure of CVD Silicon Carbide at
Opaque Region. 7100X




Figure 3.38 Microstructure of CVD Silicon Carbide at
Translucent Region. 7100X

Silicon nitride power was ball-milled in rubber lined mills
using tungsten carbide balls with a 2 w/o MgO addition as a
densification ai1. After milling, the Si;N, powder was loaded
into a graphite die system with shaped punches for hot-pressing.
The shaped graphite punches used to form the contour of the
turbine rotor are shown in Fig. 3.39. The rotor blanks were
hot-pressed at 1775°C and 4000 psi for 2 hours, achieving 99
percent theoretical density. Flexural strength measurements
made on t.st bars machined from a blank exhibited a strength
of 113,000 psi as measured in 3 point bending on 1/8 in. x 1/8
in. x 1-1/8 inch long samples.

A view of a hot-pressed silicon nitride blank is shown
in Fig. 3.40. The bore and neck area of this blank was finished
by ultrasonic machining to final dimensions. A view of the
ultrasonic tools, superimposed on a sketch showing the area
machined, is shown in Fig. 3.41. The tools were fabricated
from cold rolled steel and fed vertically into the rotating
blank. Machining time was two hours per side.

In order to ultrasonically machine airfoil-shaped blades,
an ultrasonic machining tool of constant thickness airfoil shape
has been developed for rough cutting of rotor blades. This
tool, shown in Fig. 3.42, was made from cold rolled steel and
brazed onto a mounting block. Each constant airfoil blade can
be cut in forty minutes of machining time, using a vacuum applied
through the center of the tool to assist in removing debris.
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A slurry of 200 grit boron carbide was used in this operation.
Tool wear was shown to be a problem; a wear ratio of one part
tool to three parts Sij3N, was measured. Diamond coating of
the tool is being evaluated as a means of reducing this wear,
however, a suitable coating has not yet been achieved which
will make the diamonds adhere under the ultrasonic loads.

Figure 3.39 Skaped Graphite Punches

Figure 3.40 Hot-Pressed Silicon Nitride Blank
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Figure 3.41 Ultrasonic Machining of Neck Area

Figure 3.42 Ultrasonic Tool for Machining Constant
Thickness Blades
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A Bendix 2400 watt Cavitron machine is used for this ultra-
sonic machining development. The unit is equipped with a device
for automatic control of the tool feed rate. A hot-pressed silicon
nitride blank is shown on the Cavitron machine in Fig. 3.43;
the disk is rigidly mounted on an index plate. The airfoil blade
tool is positioned over the disk and automatically fed vertically
downward into the disk. The abrasive grit is supplied externally
to the tool and drawn under and through the tool by a vacuum.

The disk used for evaluating the constant airfoil blade tools
is shown in Fig. 3.44, after several blades have been cut.

The constant airfoil blade has been designed as an initial
configuration prior to finishing to the final aerodynamic shape.
The proper blade orientation must be maintained in this machining
operation. The constant airfoi] tools were designed to remove
the maximum amount of material while allowing sufricient stock
for the finished geometry. The design required that the cutting
be performed at an eight degree forward tilt and five degree
tangential offset. The tool was finished on its end to give
the proper blade root radius at the platform. The constant airfoil
shape was machined prior to finishing the leading and trailing
edge surface in order to maintain the vacuum seal. The stock
in this region is removed after all the blades have been machined.
Fig. 3.45 shows a section of the test disk with this section
removed.

Although ultrasonic machining of hot-pressed Si3N, is a
slow process, work will be continued on blade machining and hub
contouring. The primary reason for blade machining is to provide
ceramic turbine rotors for evaluation; should alternate approaches
appear capable of producing rotors in equal or less time, the
blade machining work will probably be terminated. Hub contouring
will be needed for finishing of rotors formed by other methods,
such as the duo-density approach, and wili be developed accordingly.

Electric Discharge Machining of Hot Pressed Silicon Carbide

A program is in progress at Ford to establish the feasibility
of machining a turbine rotor from a billet of hot-pressed silicon
carbide by electric discharge machining (EDM).

Four grades of hot-pressed silicon carbide were evaluated
for machinability by this method. Two of the four samples, one
from Norton Company and one from Ceradyne Inc., were such good
electrical insulators that it was impossible to machine them
at all on the available equipment. The other two grades of SiC
each required different machining parameters, and exhibited significantly
different machining rates and ratios of tool wear to material
removal.
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Figure 3.43 Bendix Cavitron Unit Used for Ultrasonic !
Machining Development
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Figy

3.44

Disk of Hot-Pressed Silicon Nitride Showing
Several Constant Airfoil Blades




Figure 3.45 Hot-Pressed Disk with Extra Stock
Removed

The sample with the highest electrical conductivity was
Ceradyne 146A5, which had a surface resistance of 15 ohms as
measured between two points one inch apart. A cutting arc from
a 1/2 inch square copper tool, using 16 amps at 74 volts D.C.,
yielded an optimum cutting rate of 0.206 cubic inches per hour
with a tool wear-to-material removal ratio of 1 to 9. The next
highest conductivity grade Ceradyne 146ALF4 had a resistance
of 35 ohms when similarly measured. With this grade, a cutting
arc of 13 amps at 80 volts yielded a cutting rate of 0.105 cu.
in. per hour and a tool wear to material removal ratio of 1 to 22.

Development work on formed tools to cut actual airfoil shapes
is in progress.
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3.1.3 TESTING

A Turbine Rotor Test Rig (TRTR) has been designed for use
in ceramic rotor development. The TRTR simulates the mechanical
and thermal loading conditions which the rotor experiences in
the turbine engine. The main function of the TRTR will be to
evaluate ceramic rotors over the full range of expected engine
operating conditions. The test rig has considerably fewer parts
than a complete engine and can be quickly rebuilt after a rotor
failure. All rotors will be fully test:d in the test rig prior
to engine use.

The design of the TRTR is similar to the engine but is con-
siderably simpler. The hot flow path ceramics. rotor attach-
ment and bolt cooling mechanism, high speed shaft, and gear reduction
reflect the latest engine hardware. Many of the individual rig
components can be interchanged with engine parts. A schematic
view of the rig is shown in Fig. 3.46.

As shown in Fig. 3.46, the burst shield completely surrounds
the turbine rotors and piists the hot flow section ceramics.
The bore diameter is identical to the engine which allows the
use of engine hot flow section components. The burst shield
also collects and ducts the hot exhaust gas to the rig outlet
port where it blends with the compressor discharge air and is
then cooled with a water spray before being dumped into the test
facility exhaust system.

The pressure drop across the rotors is controlled bv a valve
in the exhaust system downstream of the rig.

The first complete set of rotors of any design will be sabjected
to a 200 hour duty durability cycle which ranges up to 100% rotor
speed and 2500°F turbine inlet temperature. During the duty
cycle the rotors will be subjected to the same loadings at temperature
and speed as experienced in the engine. Testing will be periodically
suspended to check for possible creep.
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Figure 3.46 Turbine Rotor Test Rig
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3.2 METAL ROTOR DEVELOPMENT

SUMMARY

A considerable amount of dynamic engine testing is being
conducted with metal rotors, pending the development of ceramic
rotors. While the use of metal rotors causes the turbine inlet
temperature to be limited to 2000°F, much valuable information
about stationary ceramic components is being obtained. However,
failures of second stage metal rotors have limited the amount
of testing. Several of these failures have been identified
as raving been caused by high cycle fatigue. The cause of these

fatigue failures was poor quality castings combined with a resonant
condition at 55% engine speed.

New castings, conforming to a tighter specification and
subject to a more stringen” inspection process, are being obtained.
The suspected source of excitation is under investigation. In
the meantime, test engines are accelerated through the resonant
speed range in order to continue the development of ceramic
turbine components.

3.2.1 METAL ROTOR DEVELOPMENT

Introduction

The development of ceramic turbine rotors is the most formidable
task in the development of the small ceramic gas turbine engine,
due to the high strength required plus th» complex shape. 1In
order that the development and testing of the other ceramic
components are allowed to continue in para’lel, metal turbine
rotors are used for dynamic testing. While this limits the
turbine inlet temperature to a maximum of 2000°F, a considerable
amount of meaningful thermal and aerodynamic testing can be
done in order to confirm the design concepts o.. the other ceramic
components. When ceramic rotors are available, they will replace
the metal rotors.

Metal turbine rotors are fabricated by investment casting
techniques using a nickel-base super-alloy developed by Ford
before the start of this contract. This alloy is similar in
composition to Mar-M-246. During 1972 several second stage
turbine rotor failures occurred, although only one was catastophic
and resulted in the destruction of other turbine components.

These failures prompted an investigation into the causes of
failure.
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Materials Investigation

The investigation to determine if metallurgical quality
problems contributed to the premature failure of metal turbine
rotors necessitated re-evaluating all of the methods utilized

in qualifying rotors for engine use. The following course of
action was taken:

All castings were macro-etched and reinspected

by visual, fluorescent particle and radiographic
means.

The casting quality criteria vas revised to
emphasize the regions where maximum quality
control was imperative.

An investigation to identify the failure
mechanism was initiated.

The niechaiical properties of rotors with
satisfactory service lives were compared

to mechanical properties of the failed
rotors.

Re-evaluating all available rotors cesulted in identifying
a hot tear condition in some castings. Hot tears, which initiate
early in the casting process and occur at grain boundaries, were
detected in several untested castings. They were located, in
all instances, in the area which was the location of cracks detected
after engine operation. Previous inspection procedures did not
detect this condition since the cracks were extremely tight.
Smeared metal remaining on the casting surface retarded detection

even though very sensitive fluorescent particle inspection procedures
were employed.

Attempts were made to determine if hot tears were present
in the failed rotors which ultimately led to severe cracking
and one case of rotor burst. Identification of hot tears was
not possible since the service temperatures were high enough
to oxidize any carbides present in the cracks, thus preventing
detection of carbides which would have been present in open cracks
durirg solidification of the castings.

Examination of the fracture surfaces of failed rotors by
transmission and scanning electron microscopy did not reveal
any specific initiation site. Some associated porosity in the

fracture surface was observed but its effect upon crack initiation
is not known.

The material quality specification for metal rotors covers
all aspects necessary for initial acceptance of first and second
stage rotor castings. The type of inspection was established
for several non-destructive methods. Thes. included visual,
radiographic, acid etch and fluorescent particle inspections.
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Chemical and mechanical property requirements for casting lot
acceptance were stipulated in a previously established specification.

It was necessary to optimize the x-ray procedures used for
subsurface defect detection due to the varying thickness of the
rotors. A minimum of four exposures for the first stage rotor
was established. Once the procedures were optimized, x-ray indi-
cations were noted in these rotcrs at 140 Kv, but not at 1000 Kv.
It was noted that these indications intersected the outer diameter
of the platform and were oriented radially in each rotor while
the number and severity varied considerably between rotors. These
indications had a specific block-type morphology and a sharp,
defined outline as shown in Fig. 3.47.

Metallurgical examination of a first stage rotor, investigated
specifically to identify these subsurface indications, revealed
no segregated or grain boundary associated micro-shrinkage of
sufficient magnitude to be observed by x-ray radiography. Microspecimens
taken from areas with many x-ray indications revealed large dendrites
(columnar grains) which constituted a major portion of the section
thickness. An incremental, two-plane, metalographic analysis
was conducted to determine the extent of dendritic formation
and to intersect any subsurface flaws. The plans analyzed were
oriented parallel and perpendicular to the rotor axis. These
grains were truely dendritic, in that they had the classical
tree-like shape and lack of random carbide formation within the
grain due to solute rejection during solidification. The absorption
of x-rays passing through the rotor, normal to the rotor, depends
on the orientation of these grains in specific areas. It was
concluded that this effect w.s creating the subsurface indications
noted during radiographic inspection and could impair the detection
of actual subsurface flaws.

Figure 3.47 Radiographic Reversal Print Showing
X-Ray Indications
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The failure mode was identified as high cycle fatigue. This
was substantiated by scanning electron micrographs which showed
the frac*ure surface, at the initiating side of the rotor, to

be crystallographic and tynical of fatigue controlled fracture
in this alloy.

A rotor with over 100 hours of engin: service and a failed
rotor were examined metallographically and the mechanical rro-
perties determined from test specimens m:chined from the rotor
hub regions. The results appear in Table 3.2.

The 100 hour rotor nad finer grain size, higher ultimate
tensile strength, comparable yield strength and nearly double
the ductility of the failed rotor. The increase in ultimate
tensile strength affords added resistance to high cycle fatigue

while the significant increase in ductility allows for greater
redistribution of localized stresses.

Microstructural analysis showed the carbide morphology to
be difterent in the two rotors. The long life rotor had an angular
type while the failed rotor had a script type of carbide morphology
as shown in Fig. 3.48 and Fig. 3.49 respectively. 1In general,
these grain boundary carbides are dislocation sources which in-
fluence the ductility of the material. The "script' type carbide
material typically has a lower ductility than the angular type,
which is substantiated by the data in Table 3.2. A significant
differcnce in thz interior grain size between the two rotors
was also noted as shown in Fig. 3.50.

Based on these esults, guidelines have been establishn
to eliminate occurance o. this situation in subsequent rotor
castings. The vendor has been notified of these findings and

is presentiy involved in casting additional rotors which conform
to the specification requirements,

Table 3.2 Property Comparison of Rotor Materials
Ultimate Tensile Yield
Grain Strergth Stvength Elongation
Prior Rotor History S ze KSI 0.2% KSI %
Burst Failure 1/8«1/4 in. ]27(]) 124 4.3
nd
100 Hours Service 1/32-1/16 in. 159(2) 129 8.2

(1) Average of two test specimens.

(2) Average of four test specimens.
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Figure 3.49

Angular Carbide Formation in Long Life
Rotor
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Script Type Carbide Formation in Failed
Rotor
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Figure 5.50a

Grain Size of Failed Rotor. Grain Size
Approximately 1/4 inch

Figure 5.50b

Figure 3.50

Grain Size of Long Life Rotor. Grain Size
Approximately 1/16 inch

Interior Grain Size Comparison Between
Long Life and Failed Rotors
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Investigation Into Causes of Metal Rotor Failures

The last report(l)presents information on most of the second
stage rotor failures. Three additional failures occurred during
this reporting period; cracks were found in the hub area after
45 minutes of engine operation.

A two fold test program was initiated to determine the rotors
natural frequencies and the critical engine operating conditions.

The natural frequencies of the rotor were determined by
holographic techniques. A second stage rotor was mounted on
a vertical angle plate and excited by a magneto-strictive device.
The frequency of the exciter was increased until a rotor resonant
condition was visually observed. A photograph was taken at this
point and the exciter frequency increased until the next resonant
condition was determined. Fig. 3.51 and 3.52 show typical mode
shapes. The room temperature natural frequencies identified
are shown in Table 3.3.

The determination of critical engine operating conditions
was concentrated on the effect of engine rotor speed. A second
stage turbine rotor was run at 55% speed and inspected after
5 minutes, 35 minutes, 1-1/2 hours, 2-1/2 hours, 3-1/2 hours
and 4 hours and 39 minutes. The final inspection revealed a
small (approximately 1/4" long), tight, circumferential crack
in the hub region - the same area as previous cracks and rotor
fractures occurred. Another rotor was subjected to the same

1/
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Figure 3.51 Two Diameter Mode Shape. 3383 Cycles
Per Second
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procedure with more frequent inspections and cracks developed
after 3 hours hot running time. These tests indicated that 55%
engine speed was the critical speed. Two rotors were than tested
at 60% speed, inspected frequently, and have accumulated 26-

1/2 hours without hub cracks, giving further indication that

55% speed was indeed the critical point.

Since the critical operating speeu was now apparently identi-
fied, the excitation orders and possible sources of excitation
could be determined. Table 3.3 showed the room temperature natural
frequencies which can be analytically adjusted to account for
the effect of temperature changes on the dynamic modulus of elasticity.
Table 3.4 shows the measured and adjusted natural frequencies f'
and the most probable excitation orders. An investigation into
the possible sources of excitation is underway.

Figure 5.52 Two Diameter Plus One Radial Mode Shape
4925 Cycles Per Second.

TABLE 3.3

SECOND STAGE TURBINE ROTOR NATURAL FREQUENCIES

Room Temperature |
Natural Frequency

Mode Shape (cycles per second)
Two diameter 3383 ﬁ
One radial 4158 1
Two diameter plus one radial 4925
Four diameter plus one radial 9600




TABLE 3.4

SECOND STAGE ROTOR EXCITATION ORDERS

Natural Frequency
At Room At Operating Excitation
Mode Number Temperature Temperature Order

3383 2950
4158 3620
4925 4290
9600 8350




5.3 CERAMIC STATORS, SHROUDS, AND NOSE CONES . - o
Y PRECEDING PAGE BLANK-NOT FILMED
SUMMARY | Ottt

The stationary ceramic components in the hot flow path of
the vehicular turbine engine are the inlet nose cone which directs
the hot gases from the combustor to the first stage stator, two
stator stages to direct these gases to the turbine rotors, and
shroud rings which form the tip shicuds for each of the two rotors.

Two sources of silicon raw materials were evaluated for injection
molding hot flow path components. These studies revealed slight
differences in silicon particle size distribution and particle
surface area; however, the differences had little effect on density
and strength of molded silicon nitride test samples.

Tooling design changes were effected which permitted better
radial and circumferential positioning of the first stage stator
segments into the assembiy fixture. The bond strength of second
stage stator segments was substuntially improved through the use
of a high strength slip-cast Sijsh, back-up ring, with the stator
vanes bonded to this ring.

Engine testing has concentrated on evaluating Design 'B'
stationary components. Two types of tests were used; the first
is a hot test without turbine rotors (hot static test), and the
second is a hot test using metal turbine rotors (hot dynamic test).
Over 140 hours of hot dynamic testing, including over 500 lights,
have been accumulated in this reporting period despite a problem
with the second stage metal turbine rotor cracking. Six first
stage stator assemblies each accumulated over 25 hours of hot
running before retirement, primarily because of vane cracking.

The cracking of first stage stator vanes was simulated on
a thermal shock test rig. This rig provided rapid evaluation
of vane medifications, and allowed valuable visual observation
of the parts being tested, which is impossible in the turbiune
engine. A modified vane design was developed which survived rig
testing with no cracking, whereas control group of unmodified
vane design experienced 100% failure under the same conditions.
l.imited engine testing of the modified first stage stators has
peen very encouraging; no cracks have developed thus far.

A reaction-sintered silicon nitride second stage stator has
accumulated 61 hours of hot running, 58 of which was hot dynamic;
another has withstood 28 hours of hot testing, 25 of which was
hot dynamic, and yet another 24 hours of hot testing, all without
failure. A silicon carbide nose cone has been hot static tested
for 680 hours and 166 lights and is still serviceable. The design
modification to the inner body of the silicon nitride nose cone
has eliminated the circumferential cracking problem. Second stage
shrouds Lave been free of primary failures; one has accumulated
95 hours with 84 lights and another 47 hours with 404 1lights.




3.3.1 MATERIALS AND FABRICATION

Introduction

The inlet nose cone of the vehicular turbine engine, currently
mede of reaction-sintered silicon nitride, directs the hot gases
from the combustor to the first ctage stator. The nose cone
is a very complex shape, and lends itself to fabrication by L
injection molding techniques. Other methods of fabricating

nose cones require a great deal more time and necessitate bonding
together of various segments.

The hot gases of the vehicular turbine are ducted through
the nose cone onto the first stage stator which in turn directs
the hot gases to the first stage rotor. After passing the first
stage rotor, the second stage stator directs the hot gases to
the second stage rotor. Currently, stators are made by injection
molding of individual stator segments with subsequent assembling
into rings by use of a second injection molding operation to
bond the segments into an integral component.

Other stationary components, such as reaction-sintered
SigNy shroud rings which form the tip shrouds for each of the
two rotors, have been fabricated by dry pressing and Ly slip
casting of silicon metal powder.

Figure 3.53 shows a view of the various ceramic engine
components discussed in this section. These are Design B versions
of these parts, which are Ccurrently being fabricated and evaluated.

Figure 3.53

Design B Ceramic Nose Cone, Stators and
Shrouds f




Raw Material Studies

Silicon metal powder, which is the raw material for the
fabrication of silicon nitride gas turbine engine components,
is a difficult material to obtain with reproducible characteristics.
To date, only one supplier has been able to consistently supply
silicon metal powder for injection molding within specifications.
Analysis of this material shows 98.5% silicon with major impurities
consisting of 0.5% aluminum and 0.75% iron. The maximum particle
size is less than 74 microns, with an average particle size
ranging between 10 to 13 microns. The overall particle size
distribution of this material from lot to lot has been consistent,
and has proven suitable for injection molding.

Studies have been conducted to define an ideal particle
size distribution for the silicon powder used in the injection
molding process, since particle size distribution can be critical
to both fabrication processes and final physical properties.

The size distribution from two sources of material are
compared in Fig. 3.54. The MSA sedimentation technique was
used for determining these particle size distributions. The
distribution curve for material from vendor A is the silicon
powde. described earlier. Material from vendor A is a finer
grade of silicon than that from vendor B; this was also verified
by surface area measurements. Material from source A had a
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Figure 3.54 Particle Size Distribution of Silicon
Metal Powder




B.E.T. surface area of 1.0 M%/g while material from source B
had a B.E.T. surface area of only 0.4 M2/g.

Test specimens of each material were processed using identical
injection molding parareters, after which room temperature physical
properties were measured. Results showed no differences in
density or strength for the two materials tested, indicating
that the injection molding process is not dependent on a critical
particle size distribution. A band of particle size distrioutions
appears to be acceptable. Determination of the extent of this
band is the subject of work now in progress.

Stator Assembly Development

The procedure for assembling stator segments into rings
has consisted of placing the individual injection molded segments
into a fixture containing locating piloting surfaces. The use
of piloting surfaces alone proved to be inadequate for the consistent
manufacture of accurate rings, because of inadequate radial
and circumferential positioning upon assembly. Consequently,
a method for independent positive blade location was devised.

Tooling changes were made so that each molded blade segment
contained two locating tabs, one at the inner tip shroud and
one at the base of the outer shroud. (See Fig. 3.55). In addition,
modifications were made to the assembly fixture tc provide for
accurate circumferential and radial location by a positioning
point on each blade. These changes should provide independent
positive locating necessary for proper and consistent assembly.
Fabrication and assembly of prototype stators is now in progress.

-

Figure 3.55 First Stage Stator Segments Showing
Locating Tabs on Revised Design. A -
Revised Design, B - Old Design




Once the stator segments are placed into the assembly fixture,
they are bonded into a integral unit by injection molding with
a silicon metal-polymer mixture into the U-shape outer shroud
channels. The material has a reduced viscosity, which is necessary

in order to reduce molding pressure to avoid breakage of the
stator segments. The viscosity is reduced by adding additional
polymeric materials to the molding batch at the expense of silicon.

This modified material is of lower density and hence lower strength
after nitriding.

This bonding material has cracked rather frequently in engine
testing, particularly in the second stage stator, allowing segments
to become loose. Consequently, alternate means for stator assembly
were needed to permit the use of much stronger backing materials
to eliminate the cracking.

One alternate method being developed entails the bording
of pre-sintered silicon stator segments onto a pre-sintered slip
cast backing ring, as shown in Fig. 3.56. The slip-cast Si:Ny
material has a transverse strength of 40-50,000 psi, providing
a considerable strength increase over the injection molded Si3Ny
(17-20,000 psi). Bonding of the slip cast ring and stator segments
was accomplished by application of a fine silicon metal slip onto l
the mating parts, followed by sintering in nitrogen t¢ convert
the entire assembly into silicon nitride. Fig. 3.57 illustrates
the nature of the bond achieved by this process, in this case
showing the joint between adjacent stator segments. Several prototype
stators are being assembled by this method for engine evaiuation. ‘
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Figure 3.56 Second Stage Stator Illustrating
Experimental Assembly Method




Figure 3.57 Microstructure of Joint Between Injection

Molded Stator Segments. 150X
Shrouds

The rotor shroud rings (Fig. 3.53) used for much of the engine
testing to date havz been made from reaction-sintered SisN, formed
by a cold-pressing process. Cracking of these components during
engine operation indicated the need for a stronger material. A
slip-casting technique was developed which does yield stronger
Si3Ny. Both fabrication methods are discussed in this section.

Silicon metal powder blended with binders and granulated
using a Patterson Kelley V-Blender was cold pressed at 10,000
psi into cylindrical blanks approximately 1'' high. After burnout
of the binders, the cylinders were pre-nitrided, machined into
shroud rings and then completely nitrided. Cold pressing produced
Si3Ny with a fired density of 2.2 gm/cc and a transverse strength
of 12,000 psi (4 point).

Slip casting of fine-grained silicon metal in an aqueous media
produces Si3N, with densities ranging from 2.35 gm/cc to 2.75 gm/cc
with corresponding transverse strcngths of 24,000 psi to 40,000 psi
(4 point).

The slip casting process consists essentially of the foilowing
steps:

Nominal 325 mesh silicon metal is comminuted by
ball milling for a pre-determined length of time.
In most cases the bulk of the powder is in the
particle size range of .5 to 20u, with a mean
particle size between 4.0 and 5.5u. Contamination
due to ball miliing is considered minimal.
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. A slurry is prepared of the milled silicon metal
powder and distilled water.

. Deflocculating agents are added to prevent the
settling of the powdered particles, and to create
the desired viscosity and pH of the slip.

. The slip is thoroughly mixed and cast into a
plaster mold. The water is absorbed into the
pores of the mold through capillary action,
causing the casting to solidify.

. The cast part is removed from the mold, dried
and pre-nitrided.

Shroud rings are fabricated by drain casting of six inch high hollow
cylinders. These are sliced into rings, nitrided, and diamond
machined to final dimensions.
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5.5.2 TEBSTING

Introduction

The inlet nose cone, stators, and shrouds are classified
as the hot gas flow path stationary components. These components,
located directly downstream from the combustor, must be developed
to withstand (a) thermal shock upon start up and shutdown, (b)
aerodynamic loading at engine operating conditions, and (¢) mechanical
and vibratory loads transmitted from the surrounding structure.
Testing of these ceramic components is carried out primarily
in engines or engine test rigs. A supplemental form of testing
using a thermal shock rig has also been employed in the search
for soluticns to stator blade cracking problems, because experimental
components can be evaluated quickly with repeatable and easily
observable test conditions.

Thermal Shock Rig Testing

The expense and time required to evaluate prototype ceramic
components can be significantly reduced as compared to engine
testing by utilizing a mechanized test rig. Candidate materials
can also be screened in simple bar form and often, as in the
case of ceramic stators, segments of components rather than an
entire component can be used to evaluate design variations. The
thermal shock test rig apparatus can be controlled more readily
and precisely than a test engine, therefore causes of failures
are more easily deternined.

The thermal shock test rig is shown in Fig. 3.58. Eight
samples (A), are clamped to the air operated mechanical index
table (B). Asbestos coupons or glass tape are used to isolate
the test pieces from the metal clamping fixtures. The table
cycle time, 0 to 4 minutes, is controlled by an electric timer
(C) which actuates a double solenoid valve controlling the table
index air supply. Revolutions of the table are recorded on an
electric digital counter (D). Cooling air, used to accentuate
thermal gradients by cooling the stator shrouds, is supplied
by eight tubes (E), which have an orifice behind each clamp.
Cool air to quench the test piece as it indexes out of the flame
from the burner (G), is supplied through tubes (F) which direct
the airflow upwards. The air from the first tube quenches the
test piece as it leaves the flame; the subsequent streums of
air continuc to cocl the warm piece to ambient temperature before
it re-enters the flame.

Two mixing burners (G), using natural gas mixed with oxygen,
have the capability for supplying a concentrated pencil flame
or a more diffuse larger flame. Flame temperatures are pre-
set using a thermocouple 'ocated in the test sample position.
Safety equipmert (H) monitors gas and oxygen pressures while
sensing ultrayviolet light from the flames.




Figure 3.58 Thermal Shock Test Rig

The thermal shock test rig was used to investigate blade
cracking failures of first stage ceramic stators which occurred
during engine operation. These stators have three basic failure
modes which were diagnosed as being caused by thermal stresses.

A midspan vane failure was noted cn a large percentage of first
stage stator assemblies afier both static and dynamic testing.

This midspan crack characteristica’ly originated at the trailing
edge of tie vane, propagated forward toward the leading edge

during con’inued service, and ultimately resulted in vane failure.
A second cype of failure noted during operation can be character’ zed
as a root tailure. In this case the crack originates in the

fillet radius at the trailing edge junction of the vane and outer
shroud during static or dynamic operation. The third type of
failure, cracking of the outer shroud, is at present less critical
than the vane cracking and has not yet been included in the thermal
shock test program.

Several variations of the design B first stage stators were
subjected to 1000 cycles with flame temperatures of 3000°F and
corresponding test piece temperatures of 2300-2500°F. Cooling
air flows fol shocking the hot components and cooling the oucer
shroud of thé stator segments were set at 100 and 50 cubic feet
per hour respectively
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Normal Design B first stage stator segments (Fig. 3.59),
consisting of two to four vanes per segment, were tested to establish
a baseline. These segments had visible vane cracks in several

vanes after only a few cycles; after 1000 cycles all vanes were
cracked.

The next configuration evaluated was the Design B second
stage stator (Fig. 3.60). Alternate stations (4 of 8) were loaded
with these segments while the remaining stations were loaded
with normal Design B first stage stator segments as a control
group. At the conclusion of the 1000 cycle test, the failure
rate of the Design B second stage stator vancs was only 8.3%
while the failure rate of the control group was 100%.

First stage stator vanes of Design 'A' configuration with
added stock to double the trailing edge thickness, as shown in
Fig. 3.61, were tested to 1000 cycles with a control group. The
failure rate ot the control group was again 100% while these
modified Design 'A' vanes experienced no failures.

Figure 3.59 First Stage Stator Segments, Normal Design B




Figure 3.60 Second Stage Stator Segments, Normal Design B

Figure 3.61 First Stage Stator Segments with Thicker
Trailing Edges, Design A
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There were two probable causes for the vane failures observed
during this evaluation. There was a possible tip shroud inter-
ference problem in which the designed expansion gap between tip
shroud segments was not maintained during fabrication. The absence
of this gap would result in an interference of the tip shrouds
during thermal cycling which could fail the vanes. The other
possible cause of failure was the localized thermal response
of the trailing edge of the vanes. It was noted during the previous
testing that the trailing edges of ncuimal Design 'B' first stage
stator vanes were much hotter to the eye than the trailing edges
of the other designs tested. The cause of the very hot area
observed is attributed to the wide chord plus the rather large
area of this material at the trailing edge of the vanc. The
Design 'A' vanes and Design 'B' second stage vanes previously
tested both have a more uniform cross-section than the normal
Design 'B' first stage stator vanes.

Two more thermal shock test runs were designed to check-
out these two possible causes of failure. A control group of
four sets of Design 'B' first stage stator segments with normal
inner shroud gaps plus four segments with essentially no gaps
were thermal shock tested. The vanes with no gap failed almost
immediatelv while the control group failure rate was much slower.
The conclusion reached was that an inner shroud gap was necessary
to prevent immediate failures. The second test consisted of
a group of Design 'B' first stage stator segments with a portion
of the trailing cdge removed. This change, shown in Fig. 3.62Z,

Figure 3.62 First Stage Stator Segments of Reduced
Chord, Design C
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removed much of the thin area and resulted in a thicker trailing
edge. No failures were observed on :he rodified design vanes
after 1000 cycles whereas the control group failure rate was
100%. It was also noted that the aforementioned hot areas were
no longer visually observed in the modified vanes. The entire
vane area reached a much more homogencous maximum temperature.
The number of cycles was increased to 3000 and the test was repeated
with the same results.

This design modification was incorporated for two prototype
first stage stators, which are currently being ecvaluated by engine

testing.

Hot Static and Dynamic Testing of Stators, Shrouds and Nose Cones

The ceramic stators, shrouds and nose cones are qualified
in an engine test rig prior to incorporation in a complecte engine
for continued testing and development.

Component qualification consists of the following:
(1) 25 static light cycles

(2) 3 hours of static testing, and

(3) 25 hours of dynamic testing

Testing without rotors is referred to as static testing
whereas testing with rotors is referred to as dynamic testing. The
various test conditions under which the ceramic stators, nose
cones, and shrouds are qualified arc as follows:

Static testing - 55% eigine speed with turbine inlet
temperature limited to 1800°F.

Dynamic testing - 55% speed with turbine inlet temperature
limited to 2000°F.

Cyclic testing (static or dynamic) - a sequence of (1)
light-off and acceleration to 55% speed, and (2)
shutdown (zero fuel) and speed reduction back
to light-off condition. This condition is held
until the turbine inlet temperaturc falls to
1000°F, whereupon the sequence is repeated for
the desired number of cycles. One of these
cycles is termed the one light test.

The evaluation of Design 'B' nose cones, stators, and shrouds
was accomplished in engine test rigs, and the results are summarized
in Table 3.5. This table is an update of test information noted
in the last report(l). In each case the component was manufactured
from reaction-sintered silicon nitride, except for nose cone
serial number G4, which was made of Norton '"Crystar'' silicon
nitride.

s T




Stators and Shrouds

Table 3.5 Summary of Testing of Ceramic Nose Cones

COMPONENT COMPONENT SERIAL NUMBER TOTALS
First Stage Stator 208 214 215 216 219 232 244 247 248 250 259 2003 206 268 286 322 3317
ot Static Hrs. 7 3 3 3 02 3 3 3 19 3 30 WS 3 4 5 91.5
.Hot Dynamic Hrs. 1225 3 3 8 2 45 25 25 7 20 9 174.5
Total lot lirs. 19 28 37 6 37 5 4.5 28 28 2 3 8 B 3 24 14 206
Total Lites 58 48 126 144 68 52 1132 33 64 28 27 25 51 53 2 44 866
Status FX FV FV FV EV FX FV EY BV EV FV 5C FV FV K,V EV  S,C
Second Stage Stator 222271 274 275 288 292 295 298 301 303 305 309 317 324 3264 327'1 3284
ot Static Hrs. 10 2 3 3 3 8 12 4 3] 4 3 4 3 84
Hot Oynamic Urs. 2 8 5 ol 2 2 25 58 26 .5 13 20 162
Total Hot llrs. 12 8 5 2.5 5 228 61 34 12,5 17 3 q 2 3 246
Total lLites 53 4 2 09 28 9 30 43 124 170 25 26 32 27 63 25 2 742
Status F.X F,X F,V o S,C F,X F,X 8,C S F,V F,X S, 5 8¢ S$C FV FV FV
First Stage Shroud 2 1 ) 6 7 BA BB 2 10A 0B 11 12
.Hot Static Hrs. 38 3 3 9 4 3 63
.Hot Dyanmic Urs. 9 3 2 2 83 .5 6 28 161
Total Hot Hrs. 9 [$] 2 2 83 3.5 12 37 4 3 224.5
Total Lites 7 259 2 9 a1 1o 53 74 1 32 27 653
Status ERX s X X F,C B, S S F,C S 5 kX
Second Stage Shroud 1 2 3 5 4] 9 10 12 14 16 17 18 1M
ot Static Hrs. 28 ol 7 15 9 3 3 1 3 72
.ot Dynamic Hrs. 2 oS 2 9 32 86 304 lo4.
Totul Hot Hrs, 2 8.5 2 5 (U A7 85 33 1 3 236
Total Lites 9 73 2 25 7 178 404 81 St 11 32 7 2 908
Status F,X 5! F X 5 [ S N § S S B 5 & S F,X
2 5 5 5] 5 5
Nose Cones G4 1 14 15 16 12 19 &) 30 now 33 31 35 40 12
.Hot Static llrs. 680 200 12 5 12 [ 3 1 8 30 3 7 813
.Hot Bymamic lirs. 8 1 6 4.5 3 2 6 13 do 47 &l 3 158,
Total Hot Hrs, 680 20 20 29 18 10.5 & ] b 17 46 55 19 13 3 ? 9
Total Lites 166 5 133 17 56 [N 10 119 1 37 oy 9% 8 lob 29 30 1122
Status S S F,B b8 F,8 F,B F,B S F,B F,B F,0 S F,B 5,¢ [

1
Status Legend
B - Inner Body Crack
- Cracked Shroad
-~ Failed

(21K Na

serviceable if outer shroud is cracked.
V - Cracked or Broken Vane(s)
X = Results of other component failure
7

Silicon Carbide Material (Nose cone G4 and 1 in last report are acutally the sume onc)
3

Design 'C*

Modified Outer Shroud

5
Modified Bell Section

- Serviceable; at present nose cones are considered serviceable if outer shroud b s only axtal cracks - ceramic stator

The first stage stators which are serviceable, i.e., without
broken or cracked vanes, have the modified airfoil blade described

earlier in this section. One assembly, serial number 331, has

accumulated 44 lights and 14 hours of hot engine testing without
any vane cracks. Two of the failed first stage stator assemblies
were the result of other component failures, while the remaining

unmodified assemblies developed cracked or broken vanes which
rendered them unserviceable.

Table 3.5 shows that second stage stators had a lower failure

rate - 7 out of 17 are still serviceable. It should be noted

that 50% of the failed assemblies were caused by other component

failures. Three of the remaining failures were primarily the
result of an experimental shroud design while the remaining two

are considercd
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were attributed to fabrication flaws. The serviceable second
stage stators have several shroud bonding cracks. Parts are
presently being fabricated with a shroud incorporating a one

piece ring, described earlier which may eliminate this form of
cracking.

The first stage shroud has had a failure rate of seven out
of twelve. However, four of these failures were due to other
component failures and the remaining three were parts of questionable
quality material.

Two first stage shrouds (Nos. 10B and 11) and two second
stage shrouds (Nos. 17 and 18) were made of higher strength
slipcast Si3Ny; these parts have not cracked after limited testing.
The remaining second stage shrouds have performed satisfactorily.
A1l noted failures were causcd by other component failures.

Hot static and dynamic testing of ceramic nose cones has
produced nine fuilures in sixteen components. Eight of the
failed units developed a circumferential crack in the nose cone
inner body, shown in Fig. 3.63A. This cracking problem has
been eliminated by removing the cylindrical portion of the inner
bell section as shown in Fig. 3,638. Five nose cones with this
modified bell have been tested and none have developed an inner
body crack. The remaining nose cone failure occurred when an
axial crack in the outer shroud turned circumferentially and
thus jeopardized the integrity of the part. Axial cracks in
the outer shroud of the nose cone occur frequently but have
not rendered the parts unserviceable. However, in order to
prevent these cracks from turning circumferentially, and to
control the random nature of the cracks, a nose cone with a
pre-notched outer shroud is being evaluated.
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CRACK LOCATION

Figure 3.63A
OUTER BELL SECTION

* INNER BELL SECTION

NOSE CONE

Fipure 3.63B

OUTER BELL SECTION

—

Figure 3.63 Design B Nose Cone Modification
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4.0 PROGRESS ON THE STATIONARY TURBINE PROJECT
4.1 STATOR VANE DEVELOPMENT

SUMMARY

A full scale kinematic model of the 3 piece ceramic stator vane
assembly with all elements of the spring loaded support structure was
built to demonstrate the design, {llustrate the static rig test
configuration and demonstrate assembly behavior under simulated
conditiohs of differentially expanding inner and outer support rings.
Maximum transient thermal stresses in the airfoil section are expected
to reach 41,000 psi based upon engineering property data for Norton
HS5-130 silicion nitride. The steady state thermal stresses and contact
stress maxima of 21,200 psi and 9600 psi, respectively, were calculated
for the grooved, rectangular end caps.

The Norton Company has produced 40 silicon nitride billets from
which 20 stator vane assemblies have been partially machined. Three
billets of high-strength, hot-pressed silicon carbide have also been
received for physical property characterization.

A static rig has been designed for the testing of ceramic stator
vane assemblies up to 2500°F. Construction, installation and check
out must be accomplished before static rig tests at 2200°F can begin
in August 1973.

The design and analyses phases of the stationary gas tuibine
projects are in accord with the program schedule. Results to date
indicate that the project goals lie within the material's capability
to survive in a turbine environment. Only in the area of transient
thermal stress under emergency conditions do anticipated tensile
stresses approach critical material property values. These stresses
are distributed across small volumes of material in the vanes, however,
and are of extremely short time duration. Silicon nitride does creep
above 1800°F. Creep resistance, therefore, may limit vane applicaztions
to temperature below 2300°F. Under operating conditions and normal
conditions for start up and shut down, silicon nitride, and presumably,
silicon carbide are expected to function satisfactorily in stator vane
applications.

Delivery of silicon nitride stator vane assemblies from Norton
is approximately six months late. This delay is not expected to affect
the start of static rig testing in August, 1973,

By anticipating the program requirements for rotating rig testing

now, Westinghouse does not expect the total program goals to be
affected seriously by the static rig test delays.
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Introduction

A three piece ceramic stator vane assembly has been proposed for
test and demonstration in the 30 Mw Stationary gas turbine illustrated
in Fig. 4.1. Silicon nitride or silicon carbide stator guide vanes
are intended to increase the service temperature from 1955 to 2500°F
without cooling the first stage stator row.

The large size of the Westinghouse turbine permits the use of the
three piece vane design, which is better suited to brittle materials
rather than the conventional metal geometry where the airfoil section
with integral platform or end plates is a single component part. This
design innovation reduces thermal stresses to their minimum by total
elimination of the transition zonme. Each Segment presents a relatively
uniform cross section and mass to its specific temperature regime.

The temperature extremes experienced by either the individual end caps
or the airfoils are much smaller than those encountered in an integral
vane design. The airfoil segment, for example, will operate at a
somewhat higher but more uniform temperature because heat losses are
minimized at the interface with the end caps. Radial and longitudinal
thermal gradients in the end caps are influenced by gas temperatures at
the wall rather than by peak temperatures in mid-stream, except for |
minimum heat transfer from the airfoil across the contact interface.

There are economic advantages to producing segmented vane components
because of the simplicity of individual parts. Although at the present
time end caps and airfoils are machined from hot pressed billets,
conventionral uniaxial techniques can be employed to hot press end caps
with grooves and airfoil blanks to shape. Diamond grinding will be
required as a finishing operation only.

In order to assure that the best vane design has been considered
for brittle materials, the recently developed 3 dimensional finite
element analysis is being used to re-evaluate the magnitude of stresses t
encountered in an integral vane.
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4.1.1 DESIGN

Erphasis was placed exclusively on the mechanical aspects of
stator vane design in an effort to establish a brittle material's
capacity for survival in a high temperature gas turbine environment.
Tolerances were carefully selected to avoid making contact between
the airfoil tenon area and the edge of the end cap groove. Generous
radii have been provided throughout to eliminate possible arcas of
stress concentration.

The unique feature of the threce piece design is a freedom of
motion to compensate for differential thermal expansion of the inner
and outer support rings without imposing residual stresses on the
airfoils. This is demonstrated in the full sc=le kinematic model
illustrated in Fig. 4.2. An adjustment screw and scale permit controlled
axial movement of the inner support. The assembly can be moved 0.50
inches or five times the maximum displacement expected in turbine
operation without disturbing the integrity of the design.

The ten vane segment configuration used in the kinematic model
represents the first generation SizNg4 airfoil and end cap assembly
scheduled for initial static rig testing. It is olbvious from the large
gaps which appear at the trailing edges of the non-tapered, non-twisted
airfoil sections that aerodynamic performance was not of primary concern
in this first generation design. Vanc geometry will be optimized with
respect to all performance parameters in a second generation structure.

As the hardware for the static rig and eventually the rotating
rig tests become available, the model will serve as a convenient assembly
checkout device.

Every attempt will be made in the second generation design
iteration to eliminate the aerodynamic deficiencies apparent in the
first generation vane assembly design. Special attention will be given
to:

(1) The longitudinal slots created by the removal of sharp edges
from adjacent end caps. These do not run parallel to the gas flow
through the vanes.

(2) The large perturbations in the wall produced by those portions
of the end cap grooves left unfilled by the tenons at both ends of the
airfoil.

(3) The excessive clearances provided at both the leading and
trailing edges of the airfoil to avoid any possibility of stress
due to contact with the wall. These were exaggerated ns a result of
the radius used to blend the tenon into the airfoil,




Figure 4.2 Kinematic Model of 3 Piece Ceramic Vane Design with

Support Stiucture
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4.1.2 STRESS ANALYSIS

Airfoil Transient Thermal Stress

Property data from the literature was originally used to determine
the maximum out of plane transient thermal strosses occurring in a
half size SizN4 stator vane under emergency shut down conditions from
2500°F. The time vs stress plot (Fig. 4.3) indicates that a tensile
stress of 31,000 psi is developed at the leading cdge approximately
11 seconds after cooldown is initiated. Two dimensional finite clement
and finite difference programs have been used to recalculate these
maximum transient thermal stresses based upon reliable engineering
property data for Norton HS-130 silicon nitride.

Results of this recent analysis show that the maximum transient
thermal stress at the leading edge of a silicon nitride vanc approaches
41,000 psi, 12 seconds after shut down from 2500°F (Fig. 4.4).

The 25% increase in calculated strers compared to carlier analysis is
mainly a resulc of the use of recently updated material property data
(Table 4.1). This seemingly higher stress appears realistic since
both the finite element and finite difference techniques independently
yield similar results as shown by temperature decay, temperature and
stress profiles in Figs. 4.5-4.7, respectively.
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Figure 4.4 Maximum Transient Thermal Stress at the Leading Edge
of a Silicon Nitride Vane under Emergency Shut Down
from 2500°F

TABLE 4.1
Comparison of SizN4 Property Data
Thermal Modulus of Coef. of Specific
Temperature Conductivity Elasticity Expansion x 10-6 Heat

°F BTU/hr-°F~ft.  x 10*6 psi in/in-F° BTU/1b-F°

01d New 01d New 01d New 0ld New

80° 13.5 18.7 41.2 44,9 1.7 0.60 .16 .16

200° 14.0 18.0 41.0 44,7 1.75 .78 .18 .18

400° 12.0 16.7 40.8 44,3 1.78 1.07 .21 .21

600° 11.0 15.7 40.5 44.0 1.80 1.25 .24 .24

800° 10.5 14.7 40.3 43.8 1.85 1.36 .25 .25

1000° 10.0 13.7 40.1 43.3 1.87 1.46 .26 .26
1200° 9.3 12.7 40.0 42.7 1.90 1.55 27 .27
1400° 8.8 12.0 39.8 42.0 1.95 1.67 .28 .28
1600° 8.5 11.0 39.5 41.3 1.97 1.85 .29 .29
1800° 8.2 10.5 39.3 40.0 2.00 1.93 .30 .30
2200° 7.7 9.0 39. 37.5 2.05 2.37 .31 .31
2500° 7.5 8.3 38.7 29.0 2.15 2.40 .32 .32
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Figure 4.5 Temperature Decay Curve for Ceramic Vanc under
Emergency Shut Down from Z300°F
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Figure 4.6 Temperature Contours in Solid Half Size Silicon
Nitride Airfoils
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Figure 4.7 Stress Contours in Solid Half Size Silicon
Nitride Airfoils

A plane stress finite element program is being used to calculate
end effects in the current airfoil design. The model shown in Fig. 4.8
takes contact stresses and thermal gradients into account. Variations
in thickness along the cord and the effect of various end configurations
are also considered. The contact stresses result from spring loaded
end caps. The gas temperature profile imposes radial thermal gradients
in the area designated the hub and tip. Figure 4.9 represents the
finite element mesh generated for this particular model. The mesh
is made finer where high stress gradients are encountered.

An airfoil with a different trailing edge relief, a new airfoil-
tenon design, and a partially shrouded airfoil will be subjected to
analyses.

Contact Stress for Ceramic Vane Interface System

Ceramic interfaces are inherently present in any three-piece
design. Since SizN4 exhibits no significant plastic response prior to
fracture, it is necessary to define explicitly the maximum tensile stress
at the contact so that a reasonable safety factor can be applied to
avoid the generation and catastrophic propagation of localized cracks.

The entire sandwiched assembly of the present design is subjected
to four load types as shown in Fig. 4.10. The first of these, the
radially compressive spring load, is a design parameter that remains
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effectively constant over the cycle of operation. The other loads are
components of the gas load which rise to peak values during operation
after short transients. The pressure force against the vane is one
component which acts at 28° from axial or 66° from the major axes of the
vane end and end-cap groove. Another gas load component acts as a
radially compressive force against the metal shoe. This force is
displaced somewhat from thc center line. The fourth rclevant load is

a small twisting moment about the radial axis. It is important to
realizc that all of the interface types associated with the design

(Fig. 4.10) represent an interdependent system with respect to both
radial and friction-reacted tangential loads. This condition complicates

the optimum choice of geometry, surface finish, and the applied spring
load.

Curved surfaces are in area contact at the airfoil-end cap
interface. The contact stress field here may be analyzed by superimposing
the two stress fields derived from normal and tangential loads. These
fields are defined with respect to the interface. Stresses duc to
normal loads are calculated easily, using standard formulae from the
theory of elasticity. Stresses due to tangential loads are calculated
by the cylindrical analogy method, developed by extending the analysis
for simple cylindrical contacts to the actual situation. The contact
stress field is implied from a knowledge of the material propertics,
the geometry, and the loads. For a realistic range of parameters
appropriate to this interface system, tensile stresses due to friction-
reacted loads far excced those due to the standard Hertzian normal
loads. If it were possible to design the interfaces to convert
tangential (friction-reacted) loads to normal loads, an overall reduction
of stress would result. This is accomplished with curved interfaces
where gcometry is chosen as a function of friction.

~ Area of Contact

|
i
i
|

o —3 o
ry=2ossery” 7 I TTaTOF b and Tip
Ty =2325°F 4 14" 15 =2325°F Line
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Figure 4.8 Airfoil End Effects Model
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Figure 4.10

Airfoil End Finite Element Model
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i
Loads and Interfaces Defined with Respect to Ceramic
Vane Assembly
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A very important aspect of curved interfaces is their kinematic
behavior as a function of load and friction. When gas load is applied
as the machine starts up, the center of the contact rotates through
some angle ¢. Figure 4.11 shows a simple one-dimensional force
equilibrium diagram for the situation corresponding to a turbine at
rest and just after start up. R refers to the radial compressive loads
while G refers to the vane gas load. The subscripts T and N refer
to the tangential and normal components, respectively, defined with respect
to the interface. From the diagram, the net normal load on the interface
is Gy + Ry, while the net tangential load is ul (GN + RN). These are
the relevant loads in the contact stress formulae. Maximum tensile
stress as a function of the start-up coefficient of friction for the
vane-endcap interface is shown in Fig. 4.12. The tensile maximum is
9600 psi for a 420 1b. spring load considering the worst case friction
coefficient, u = 0,25.

The endcap-insulator interface transmits loads more like planar
contact because of the large radii. That is, there is little curvature
to allow the trade-off of normal and tangential load. Since the vane
gas load at this interface is reacted almost solely by friction, this
requirement establishes the spring load as a function of friction at the
endcap-insulator interface. A combined kinematic and contact stress
analysis is nearly completed for the inter-related group of two
insulators and four endcaps. This analysis includes the effects of
circumferential sliding of the endcaps with respect to the insulators
as well as the most severe case of edge-ioading when interlocking occurs.

The metal pivots represent the terminal resistance to the entire
circunferential component of the vane gas load. Under the worst case
of tolerance and loading, the maximum shear stress due to pivot contact
is 18,700 psi.

Two other locations of contact are the insulator to shoe and
insulator to housing ring. Since these areas are cushioned by metal
weave material, stresses equal P/A and are considered negligible.

One final area of concern in the contact problem is the magnitude
of stresses generated during thermal transient periods. The only
interface of dissimilar materials, which is not cushioned by a metal
weave, is the endcap-insulator contact. Because of the difference in
values of thermal expansion coefficients, a considerable tractive shear
force can develop on the surface. The cylindrical analogy can be
used to place an upper bound on this shear. It can also define the
maximum value of tensile stress. The bound is proportional to the
friction coefficient and the maximum Hertzian pressure developed at
the interface. Because of the nearly planar nature of this interface,
the latter is quite small. The upper bound, therefore, is also small.

Thermal Stress in Ceramic Endcaps

Steady state analysis was performed utilizing a plane-wise
symmetric finite element plate program. The mesh and loading are
shown in Fig. 4.13, Although the endcap actually has radial sides
and a groove with a fourth order surface perimeter, it is modeled as

-
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Figure 4.11 One-Dimensional Force Equilibrium Diagram for Airfoil-
End Cap Interface
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a rectangular block with an ellipsoidal groove. This model was chosen
to approximate both the inner and outer endcaps and also the various
geometries that occur as the result of varying the groove depth. The
endcap is loaded thermally with radial gradients ranging from 200 to
300 degrees which are skewed with respect to the sides so as to present
the worst case. The endcap is simply supported at 3 corners and free
at the fourth. It is restrained from thermal bending by a uniform
pressure of 8000 psi corresponding to the total radial compressive load
distributed evenly over the contact area.

8

S = 315 LB
'OL. = 004 IN

76 | S = 420 LB
TOL. = .004 IN

|
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Figure 4.12 The Effect of Friction on Maximum Contact Stress
at the Vane-End Cap Interface




B Six individual stress analyses were performed. The first three
‘ attempted to isolate the effect of reducing the depth of the endcap
groove. The maximum principal stress dropped very significantly as b
. the limit of a simple rectangular block was approached. Figure 4.14
indicates this reduction, where the maximum tensile stress at the center

of the groove is plotted vs the thickness of the endcap at that point.
Since the model used was symmetric, a correction factor was applied to
the finite element results to account for the actual asymmetry. This
correction factor is simply the ratio of stress concentration factors
for flat plates in bending which are grooved completely as shown in
Fig. 4.14. The effect is actually more pronounced since the analysis

2 90

FINITE ELEMENT GEOMETRY

= ENDCAP WITH TOROIDAL GROOVE

1.00

PR A s :
INRWVAVAVANVANVG- - VeI VA

‘% qﬁw i Téufmi::s DROPS el
[N

0.00}

-.50

-1.00 |

B. 250 D. 250
2. NORMAL PRESSURE - 8000 PSI.
INNER EIGHT ELEMENTS

SHADED AS APPROXIMATE
CONTACT AREA

-1.50

CONSTRAINTS :
i
2:90 A, B, C - SIMPLY SUPPORTED
D = FREE CORNER
Z c
=
%
-2, : A : ; " ! =
% =00 =150 100 =55 008 =g T8 50 - [« 7
X AXIS
DOUBLE CURVATURE OUTER ENDCAP - RADIT 1.5+ 5 DEPTH 500 ELEMENT GEOMETRY

Figure 4.13 Finite Element Geometry - End Cap with Toroidal Groove
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uses the same temperature gradient regardless of thickness. From the

standpoint of steady state thermally derived plate stress, reducing

the depth of the groove from 1/2 inch to 3/8 inch is clearly desirable.

This reduction would require an increase in the spring load and in the )
contact stresses. The net effect of such a change wculd be beneficial.

The fourth case modeled the stress state in adjacent endcap§,
under the same insulator, which have a temperature loading that is
the mirror image of that previously shown.

MAXIMUM PLATE STRESS IN OUTER

ENDCAP UNDER THERMAL STEADY STATE
SHOWING GROOVE DEPTH EFFECT AND
ADJUSTMENT OR ASSYMETRY

1/2 IN. DEEP
THIN TYPE

boe=s 11.7 KSI

0 \

" 3/8 IN. DEEP 1
“ %\ THIN TYPE
B.7 Ks1

1/2 IN. DEEP
THICK TYPE
7.3 KSI

fn
Jf,f’

3/8 IN. DEEP
THICK TYPE
5.2 KSI

—+

. SYMMETRIC —

MODEL ASSYMMETRIC
’ / |ENDCAP GROOVE
y, >
B e
T d $
2 s

]
|

MAXIMUM PRINCIPAL STRESS AT BOTTOM OF GROOVE - KSI

!
4{ I " 4 !

0. 450 0.825 /. 200 ;
MINIMUM THICKNESS QF ENDCAP, d; IN.

Figure 4.14 Maximum Plate Stress in Outer End Cap under Thermal
Steady State Showing Groove Depth Effect and
Adjustment for Assymetry
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The fifth case studied the effect of reducing the spring load
constraint to thermal bending. The results of these runs showed
endcap position and spring load to be insignificant as design parameters.
Stress reductions of only several hundred psi were realized.

The sixth case compared the stress at the groove bottom to the
stress at the thin portion of the endcaps defined by the groove perimeter
and the endcap edge. Without the groove the maximum tensile stress
occurs at the outer periphery of the endcap. Adding a groove decreases
this stress as a function of groove depth but a new maximum stress
occurs at the groove bottom. This new tensile stress is generally four
times the peripheral stress for useful groove depths, thus peripheral
stresses do not greatly influence the choice of groove depth.

In the area of transient thermal stress analysis, efforts are
progressing to determine the required cooling flows, inherent leakages
and their effect on the convection coefficients. The design process
is iterative, in that a set of plausible inputs is formulated to produce
a temperature-time profile. If the cooling flow inputs are adjusted
to produce a new temperature field which is less severe, the flow
adjustments are considered beneficial. The heat transfer problem for
a ring segment is being solved with the aide of an axisymmetric finite
element program. The temperature fields of interest will be substituted
into the finite element plate program described earlier to evaluate
transient thermal in-plane stresses.

The analysis has been carried to a sufficient extent to be
able to determine the maximum tensile stress in steady state. The
combined contact and thermal stresses yield maximum values of 21,200 psi
(tension) for the 1.0 inch thick endcap and 16,700 psi (tension) for the
1.2 inch thick endcap. The stress maxima occur near the center of the
bottom of the groove. Stress levels of 21 and 17 ksi are acceptable.
However, transient conditions are expected to be more severe.

Thermal Stress Tests

Thermal shock tests were conducted in a gas test passage, closely
resembling the environment of a gas turbine. These tests were performed
for the following reasons:

(1) To subject SizNg4 specimens to a thermal shock condition in a
gas turbine environment which simulates emergency shutdown.

(2) To obtain information on shape and size effects for SigNy
material under thermal stress.

(3) To correlate computer design codes with experimental data.

SizNg cylinders (1 inch diameter x 2 inches high) were heated
to a steady state temperature of 2000°F, then immediately quenched in
a blast of relatively cool compressor air. The thermal environment
in the test passage during a shutdown cycle is shown in Fig. 4.15.
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Figure 4.15 Boundary Conditions Gas Temperature and Film
Coefficient

The film convection coefficient, h, for the shutdown was calculated
from the gas properties, mass flow and physical dimensions of the test
passage and cylinder.

Tests in the passage indicated that the quenching is fairly :
uniform around the cylinder, i.e., within a 10°F deviation around the |

circumference of the cylinder. Hence, an axisymmetric analysis can be
used to calculate the transient temperatures and stresses in the ‘
cylinder.

|

Two analytical techniques were used to evaluate and compare the
experimental data. An axisymmetric finite element model has the
capability of treating the non-uniform cooling along the axis of the
cylinder. A finite difference model was employed to treat non-uniform
cooling around the circumference of the cylinder. Figure 4.16 shows : \
the cylinder geometry tested along the computer models used in the {
analysis. The axisymmetric finite element model employed to calculate
transient temperatures and stresses is given in the bottom view of the
model on the left hand side of Fig. 4.16. The top view shows the mesh
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used in the generalized plane strain program. This model was used to
verify the axisymmetric thermal stresses and to calculate non-axisymmetric
stresses where required. Thermocouples were placed at various radial

and axial locations in the cylinder to monitor thermal response and
determine the magnitude of the radial and axial tempzrature gradients.

A typical response for a thermocouple in a cylinder is plotted in Fig. 4.17.
The thermocouple location for this case is just below the surface of the
cylinder. The temperatures at this location as predicted by both the

\

FLOW T/C LOCATIONS
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TIME, SECS.

FINITE DIFF, .
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EXPFRIMENTAL

Figure 4.17 Effect of Time on Temperature for Cylinder Thermal

Quench Test




finite element and finite difference computer codes are also indicated.
Both methods predict the measured temperature response quite well.
The finite element method yields slightly better correlation.

The maximum tensile stress history generated by this thermal
shock is given in Fig. 4.18. This tensile stress occurs on the surface
of the cylinder because of differential thermal contraction caused by
the relatively cool gas which washes over it during shutdown. The
maximum tensile stress reaches a value of 12.8 ksi, well below the
rupture strength of the material. Fourteen tests were run on two
cylinders, one of which was drilled for thermocouple holes. No cracks
were observed either by visual or X-ray inspection in any of the cylinders.
Since the cylinder tests were conducted at the 1limit of the thermal
shock capacity of the test passage, a decision was made to change the
specimen to an airfoil shape in an effort to generate higher stresses
which cause failure. A simple teardrop shape airfoil is currently
being tested.
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Figure 4.18 Development of Stress in Cylinder Thermal Quench Tests

109




4.1.3 VANE FABRICATION

The Norton Company was selected to manufacture stator vane
assemblies of high-strength, hot-pressed silicon nitride.

In addition to the hardware requirements, Norton was required to
supply representative room temperature property data and sufficient
quantities of this material for evaluation and statistical property
characterization. Norton's high-density, hot-pressed silicon carbide
has been purchased for initial evaluation as a candidate turbine material.

The Norton subcontract has been extended to include hot pressed
silicon carbide and additional HS-130 silicon nitride material. These
materials will be used to fabricate stator vane assembiies to a second
generation desigin specification.

Norton data to certify the last 17 SizNg4 billets (Norton HS-130
material)are reported in Table 4.2. Dencities range from 3.14 to
3.21 gm/cc, well above the minimum 3.1 gm/cc originally specified.
The specification, however, was recertcly revised to reject billets of
density below 3.15 gm/cc. The results of bend tests (3 point loading
over a 3/4 inch span) indicate that the material continues to meet the
specification that modulus of rupture (less two standard deviations)
must exceed 90,000 psi. Billet to billet variation as well as the
scatter of data within individual billets is much higher than that
representative of a uniformly processed material, however.

Finished airfoil and end cap sections of the 3 piece stator vane
assembly are shown in Fig. 4.19 and 4.20, respectively. Processing
steps are also indicated. Delivery of the 20 first generation nitride
stator vane assemblies is now scheduled for January 31, 1973. Fifteen
airfoil sections have been ground to specification. Five airfoil blanks
have already been accepted by Westinghouse. Two finished airfoils are

being subjected to a dimensional check. Forty endcaps have been
partially machined.

Norton's preliminary inspection indicates the finished end cap
cavities were ground up to 0.005 inch oversize on both the large and
small radii as measured at the end of the groove. The out of tolerance
situation is less severe at the bottom of the groove in the area where
the airfoil actually contacts the end cap. Norton has proposed hand
lapping specific pieces together to insure the best fit.

Norton delivered three prototype 9 inch diameter x 1.3 in. thick
silicon carbide billets to Westinghouse in July. This material is
described in Table 4.3 from data submitted by the manufacturer. Density
values range between 3.28 and 3.31 gm/cc. An average room terperature
modulus of rupture of 112,500 * 9700 psi was reported.

fi




TABLE 4.2

Summary of Westinghouse Contract Billets
HS-130 SizNg

] Phase II
Billet Average* Standard # of
Number Density MOR Deviation Range Tests
060372A  3.19 122,200 11,100 1§§f§%% 20

J 0605724  3.19 121,500 8,800 1§§f§%8 20
060672A  3.18 124,600 9,500 %ggf%%g- 21
060872A  3.17 112,700 11,000 légf%%% 21
060872B  3.18 128,500 10,900 %%%f%%% 20

E 0609724 3,21 142,800 9,300 %%gf%gg' 20
0524724  3.14 114,926 12,157 lééféé%- 20
061272A  3.18 116,916 9,245 lé%f%éé‘ 20
061472A  3.20 125,426 10,838 %%%fggé 20
061672A  3.20 133,249 20,998 légfgég- 20
061972A  3.20 135,896 10,047 %%gf%%% 20
0619728  3.21 130,701 9,492 %égf%%% 20
062072A  3.18 124,895 9,134 %%%f%%% 20
062072B  3.20 135,202 10,273 %%3?%%?‘ 20
062172A  3.18 124,607 8,877 %%%fé%%‘ 20
0621728 3.19 130,403 10,245 %%%f%%% 20
062772B  3.16 117,591 7,344 %%gf%%% 20

*Data obtained by 3 pt. loadlng over 7 in. span on specimens of 1/8" x 1/8"
cross section, loading rate 0.01 1n/1n min.
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Figure 4.19 Major Steps in the Machining of the Airfoil

Figure 4.20 Steps in the Grinding of an End Cap
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TABLE 4.

3

Properties of Norton Hot Pressed Silicon Carbide

Billet No. "7"

Density 3.28

Average MOR 112,214

Std Deviation 12,184

Range 130,068

88,020

Test No. MOR * Test No.
1 99794 8
2 88020 9
3 95309 10
4 117734 11
5 114931 12
6 114902 13

7 106522
Billet No. ''8"

Density 3.28

Average MOR 109,850

Std Deviation 7,010

Range 117,174

94,188

Test No. MOR * Test No.
1 108204 9
2 116052 10
3 106522 11
4 102006 12
5 102036 13
6 109325 14
7 109301 15
8 113810 16

*Data obtained by 3 pt. loading over 3/4 in. span on specimens of

MOR *

117734
126705
130068
109325
115492
122220

MOR *

116613
109913
114931

94188
116052
114931
117174
115492

1/8" x 1/8" cross section, loading rate 0.01/in/in/min.
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TABLE 4.3(cont'd) ‘
Properties of Norton Hot Pressed Silicon Carbide !
Billet No. '"2"
Density 3.31
Average MOR 115,472
Std Deviation 10,034
Range 129,478
94,456
) E
Test No. MOR Test No. MOR }/
l 1 119902 12 109626
. ] 2 127468 13 118248
3 125140 14 129478
4 108843 15 128060
5 96213 16 112012 !
6 116939 17 123871
7 106817 18 95456
8 111437 19 113499
9 124139 20 98366 {
10 113169 21 123394 !
11 121252 22 117574 R
i
Norton will supply the following materials and components to '
complete FY 73 requirements: {

(1) 38 HS-130 SizNg4 billets for the machining of 15 second
generation stator vane assemblies.

(2) 38 hot pressed SiC billets for up to 15 first generation
stator vane assemblies and sufficient material for statistical
characterization by Westinghouse.

(3) Machining of up to 15 first generation stator vane assemblies.

(4) 38 hot pressed SiC billets for the machining of 15 second ;'
generation stator vane assemblies.

The Norton Company is making every effort to improve the quality
and uniformity of both silicon nitride and silicon carbide. They have |
constructed clean room facilities tor SizN, powder handling and ’ |
processing. Separate hot press facilities have been installed. Two
methods have been developed to eliminate or minimize the inclusions
in SizNg as follows:
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(1) Modifications to the processing prcoedure to eliminate the
source of inclusions.

(2) The addition of an inclusions removal step in the powder
handling process.

The calcius level in HS-130 silicon nitride appears to be solely
a function of starting material purity according to Norton. The
calcium content of additives used contributes approximately 15 ppm to
the total billet concentration. Norton claims to have found sources
of low calcium silicon powder but has not identified them.
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4.1.4 Static Rig Testing

The static rig for the testing of ceramic stator vane assemblies
and their spring lecaded support structures up to 2500°F is represented
schematically in Fig. 4.21. Final design drawings for the rig were
completed in December. The basic, high pressure shell is scheduled
for delivery in late February.

The high temperature exhaust duct will be built from a one inch
thick molded silicon carbide refractory wall insulated by three inches
of low density alumina castable which is wrapped within a Fiberfrax
blanket. The insulated duct assembly will be encased in a stainless
steel jacket. Heat transfer across the duct may still require cooling

air flow in the space between the duct and the outer shell. Delivery
is expected in April.

Instrumentation for 2200°F operation will consist of Chromel-
alumel thermocouple in Hastelloy X aspirated probes. These will be
available in February. Silicon nitride rakes with Platinum-Platinum,
Rhodium thermocouples for 2500°F must be developed.

Drawing to show the layout and details of all the parts required
to support the ceramic vanes in the static rig have been completed.
This hardware together with air inlet piping, combustors and transition
ducts have been ordered.

The present arrangement will test 8 ceramic vanes and their
associated ceramic end caps with insulators. The left and right sides
of the ceramic passage are formed from modified full-size metal vanes
through which high pressure cooling air flows. The metal end vanes have
been ordered in the as-cast condition. A vendor has been found to carry
out the welding modification, machining and heat treating required with
the X-45 cobalt base alloy.

All the rig parts and test hardware for 2200°F testing should be
on site by June. About eight weeks will be required for installation
and operational checks. Testing of first generation silicon nitride
and silicon carbide stator vane assemblies will start in August 1973.
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4.2 ROTOR BLADE DEVELOPMENT o
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Westinghouse has completed three dimensional finite element
programs for the isotropic elastic stress and heat transfer analysis
of solids. Supplementary programs are being developed to handle
anisotropic and temperature dependent materials properties. A data
transfer system is used to form an interface between the heat conduction
and stress analysis portions of the overall program.

Development of the 3D finite element design code has progressed
to the point where ceramics rotor blade design and analysis are in
progress.

The location and magnitude stresses were determined for a tentative
ceramic rotor blade design subjected to centrifugal loading (3600 rpm)
at room temperature. Tensile stresses reached at maximum of 23,00 psi
in the dovetail attachment area. Steady state gas bending and transient
thermal stresses must be superimposed upon these mechanical stresses
in order to complete the preliminary evaluation of this particular
rotor blade configuration.
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4.2.1 THREE DIMENSIONAL FINITE ELEMENT STRESS ANALYSIS

The finite element program for three dimensional elastic stress
analysis has been completed, checked out and demonstrated on a number of
practical problems. Development of the program is continuing to
produce a version for the analysis of problems with anisotropic
materials. The computer program also contains sub-routine which

produces data for plotting the geometry of finite element models based
on the elements used in the program.

The theoretical development for the steady state and transient
heat conduction has been completed. This program contains numerical

procedures which allow anisotropic and temperature dependent material
properties to be evaluated.

Three of four computer program overlays have been completed.
The fourth is being written. In addition, programming for a data
transfer system is in progress. This will serve as an interface between
the heat conduction and stress analysis portions of the overall three
dimensional finite element program.

The heat conduction program uses the same elements as the stress
analysis program; namely:

(1) Eight node elements (linear temperature variation)

(2) Twenty node elements (quadratic temperature variation)

(3) Thirty-two node elements (cubic temperature variation)

(4) Mixed elements.

The mixed element is the most versatile since it allows the user
to vary the number of nodes. It also facilitates the generation of

graduated element networks to account for regions where large temperature
gradients are anticipated.

The following boundary conditions and thermal loads can be
handled by the program:

(1) Prescribed temperatures

(2) Prescribed heat flux

(3) Heat generation

(4) Forced convection

(5) Material convection

(6) Radiation.




4.2.2 Stress Analysis of Blades

The preliminary design concept of a ceramic rotating blade has
been identified. The blade has a conventional airfoil attached to a
dovetail root. The root geometry was estimated based on state of the
art experience with cermet and ceramic rotating blades.

The state of the art condition shows that brittle turbine blades
frequently fail in the root area. Therefore, an optimization study of
the root area is in progress. A two dimensional model of the root
geometry for this study is shown in Fig. 4.22. This model is being
used to study the effect of various root parameters on the stresses
induced in the root by a centrifugal force F. shown in Fig. 4.22. This
force is resisted by the normal and shear contact forces, Fy and Fg,
as indicated.
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Figure 4.22 Root Model
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The root parameters currently under consideration are the root
necks, ty, the included angle o, and the area of contact Ac. This
model assumes symmetry along the centerline of the root. Variations
of these parameters are currently being studied with a finite element
model in order to minimize the stresses in the blade root. Two finite
element models with different included angles are curren.ly being
analyzed. These appear in Fig., 4.23. A generalized plane strain
analysis of each root is in progress.

The root geometry will first be obtained under a centrifugal
force field which represents the primary load; it will be analyzed for
anticipated thermal loads. If the design appears to be adequate under
both centrifugal force and thermal loads, contact analysis will be
performed to consider the actual ¢-formation of the disc or rotor }H

which holds the blade.

The elastic stress portion of the threc dimensional finite clement
program has been used in an analysis of a ceramic rotating turbine
blade attached to a platform and dovetail root.

|
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Figure 4.23 Finite Element Root Models - 45° and 60°
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A computer plot of the finite element blade model is shown in

Fig. 4.24. The model consists of 132 elements. Quadratic elements are

used in the airfoil section, the platform and the root. The fillet
between the airfoil and the platforr is modeled with mixed elements
which have cubic edges along the fillet and parabolic edges clsewhere.
A total number of 949 nodal points ir the model gives 2847 possible
degrees of freedom. However, some deyrees of freedom are removed by
the boundary conditions imposed. The maximum wave front for this
problem is 237 degrees of freedom. The analyses are performed as if
the blade and root are supported by knife edges at the intersection
of section 11000 and the root boundary surface.

The blade and root were loaded by centrifugal forces caused by
the maximum rotational speed of 3600 rpm.

The material properties used are as follows:

(a) Modulus of Elasticity 45 x 106 psi
(b) Poisson's Ratio 0.23
(c) Density 0.115 1b/cu inch

AR LZGNTAL
SECTI0R
HUMBERS

Figure 4.24  Computer Plot of Ceramic Rotor Blade
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Figures 4.25 through 4.29 show computer plots of segments of
the finite element model. These plots enable the engineer to check
the model in detail before the final computer run is made. The figures
clearly show the complexity of the model and difficult connection
between the fillet section and the platform on the one hand and between
the platform and the root on the other. These connections were such
that incompatible element conditions were required. For example,
some midside nodes of the platform are connected to corner nodes of the
root section (see Figs. 4.24-4.,26).

The results of the analysis are shown in the plots of Figs. 4.30
through 4.36. The contours of the radial stresses in the airfoil
are shown in Figs. 4.30 through 4.32 for the convex boundary surface,
the middle curface of the airfoil and the concave boundary surface,
respectively. The results suggest that only a small amount of bending
takes place in the upper portion of the airfoil since the stresses are
almost uniform. The stresses on the three surfaces are quite different
in the lower portion of the airfoil for indicating the effects of the
fillet and platform.

Figures 4.33 through 4.36 represent the contours of the oy
stresses in the vertical cross-sections 300, 400, 500 and 700. The
location of the knife edge supports are also shown. The high stresses
at the knife edge supports are not considered realistic since the
actual support will be spread over a finite area. Maximum tensile
stresses of 22,787 psi occurs in the root area (see Fig. 4.33).
The stresses in the lower part of the airfoil vary considerably. This is
expected since the airfoil sections also varies greatly and the fillet
and platform have a considerable effect on the deformation and stresses
in this part of the airfoil.

Figure 4.25 Airfoil, Slice Between Vertical Sections 1000 and 5000
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Airfoil, Slice Between Horizontal Sections 5000 and

Figure 4.26

Figure 4.27 Platform, Slice Between Sections 8000 and 9000

Figure 4.28 Platform, Slice Between Horizontal Sections 9000 and 11,000
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Figure 4.29 Platform, Slice Between Horizontal Sections 11,000 and 12,000

PRELIMINARY STRESS ANALYSIS

Figure 4.30 Radial Stress Contours (psi) for Airfoil Convex Surface ‘
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PRELIMINARY STRESS ANALYSIS
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Figure 4.31 Radial Stress Contours (psi) for Airfoil Middle Surface
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Figure 4.32 Radial Stress Airfoil (psi for Concave Surface
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Figure 4.33  Vertical Cross Section 300, o, Stress Contours (psi)
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PRELIMINARY ANALYS!S ROTATING BLADE
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Figure 4.34  Vertical Cross Section 400, 0, Stress Contours (psi)
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PRELIMINARY ANALYSIS ROTATING BLADE
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Figure 4.35
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Figure 4.36 Vertical Cross Section 700, ¢, Stress Contours (psi)
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S. PROGRESS ON MATERIALS TECHNOLOGY - VEHICULAR AND
STATIONARY PROJECTS
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SUMMARY

Design technology is highly dependent upon physical properties
of the materials being used. This section deals with work per-
formed during the reporting period on the acquisition of physical
property information. Many of the materials being investigated
are in the development stage and improvements in properties
are anticipated; this will require that some, if not all, of
the physical properties must from time to time be re-determined.
Therefore, property characterization of the ceramic materials
for turbine engine use is a task which will continue throughout
the life span of the contract.

A comprehensive program to evaluate mechanical properties
of candidate ceramic materials is underway. Flexural strength,
compressive strength, and tensile fatique resistance are being
determined; these tests will yield fundamental information leading
to the understanding of these materials, as well as data for
design purposes. Initial results of flexural strength testing
indicate that reaction-sintered SiC (Refel) is similar in strength
to hot-pressed materials.

Elastic properties of candidate ceramic materials are also
being determined and techniques are being developed for measurements
at elevated temperatures. Shear modulii vs temperature were
determined for hot-pressed SiC and Si3N,, as well as lithium-
aluminum-silicate.

The characterization of Norton HS-130 hot-pressed Si 3Ny
has progressed to the point where reliable engineering estimates
of material properties have been provided. Sufficient data
are available to permit statistical treatment. Additional tensile
testing at elevated temperatures show some dependance upon strain
rate with a general decrease in strength as temperature increases.
Stress~-rupture testing shows that creep deformation is apparently
controlled by a grain-boundary sliding mechanism. Hot-pressed
SigNy, of lower purity then HS-130 displayed significantly less
creep strength.

Flexural strength testing of HS-130 material at various
temperatures and loading rates were performed. While some effect
of load rate was noted, additional statistically significant
data are needed to clarify the load rate dependence. Thermal
properties of HS-130 silicon nitride were determined and reported.
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Dynamic corrosien-erosion tests in the turbine passage were
conducted to determine the effect of fuel contaminants on HS-130
SizNg4 and Norton hot pressed SiC. Average weight losses for SizNy
increased from 4 to 13 mg/cm? after 250 hours at 2000°F when Na, S,
Mg, and V were added to the fuel. Results for SiC indicated losses of
17 mg/cm2 for contaminated as well as clean diesel fuel under similar
conditions.
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5.1.1 PHYSICAL PROPERTIES OF CERAMIC MATERIALS

Introduction

The comprehensive program to evaluate the mechanical and
thermal properties of many varieties of silicon nitride, silicon
carbide, and lithium aluminum silicate in gas turbine applications
is continuing. These data not only contribute valuable fundamental
information about the materials but also are considered essential
to an optimum design with brittle materials in order to provide
the maximum safety factor. All of the candidate materials have
been improved significantly. Since the potential for greater
improvement exists, the Material Engineering task is expected to
continue for the full term of the turbine project.

The characterization of Norton HS-130 silicon nitride has progressed
to the point where reliable engineering estimates of both the
mechanical and thermal properties of the material have been provided
for stator vane design and stress analysis. Sufficient data are now
available to permit initial statistical treatment. The application of
Weibull theory, and an analysis of variance as related to size effects
and billet variability are discussed.

Preliminary physical property data for Norton hot pressed silicon
carbide are reported.

Statistical Aspects of Mechanical Responses

The flexural strength of silicon nitride measured in 4-point
bending, is twice that of the tensile strength under similar conditions
of temperature and loading rate. This difference may be due to the mode
of testing or it may indicate that strength is dependent upon the
actual area or volume under tensile stress as predicted by Weibull
statistics. The stationary turbine program relies heavily upon
flexural tests to provide strength data for design and stress anslysis.
Tensile tests, however, are used to verify the predicted results. In
the event that the Weibull theory does not apply, sufficient data
points are provided in the test program to analytically correlate
tensile with flexural strength,

The statistical test plan was adopted to provide property data
at a 0.95 confidence level from a minimum of 10 specimens per condition.
All pertinent physical and thermal properties, including tensile,
flexural, compressio:n, shear, thermal expansion and conductivity
together with creep and high and low cycle (thermal) fatigue will be
determined across 10 billets to characterize 4C. Billet to billet
variations and property variations across particular billets are being
determined with respect to flexural strength only. Specimen size,
strain rates, directionality, and temperatures were selected to provide
a minimum of 30 degrees of freedom within each test matrix. Even with
this, additional testing may be required to achieve the level of
significance desired. A statistical evaluation of all accumulated
data is expected to define data deficiencies.




The test matrices for flexural and ten
are included as Tables 5.1 and 5.2
testing philosophy.

observed in flexural testing permitted computation of Weibull modulus
for SizNy early in the test program,

sile strength determinations
» respectively, to illustrate the
The 20 specimens per test condition occasionally

A large number of flexural samples are required to determine the
Weibull parameters at 1800 and 2300°F. These tests will also be used
to establish the failure mode and the effect of impurities. Specimens
are taken from at least 10 billets to assure that billet to billet

Table 5.1

Flexural Failure Tests/Billet r

Specimens/Condition

Cross Rate (in/minute)

Temperature,

(°F) 0.02(1) 0.002 0.0002(1) Directions
RT 5 20 (2) 5 2(3)
1000 10 strong
1800 5 10 5 2

2100 10 strong
2300 5 2002 5 2

2500 10

I. Strain rate effects to be determined on 3 billets only

k) :
2. To provide Weibull modulus for 1st billet at .90

confidence level

3. Strong direction 1 to hot press, weal 11 to hot press

direction

NOTE: Weibull modulus in both directions will be determined

across 10 billets from data provided at 0.99 confidence 9‘;
level '
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variations are determined. The Weibull characterization of the risk of
failure with respect to volume given by

m

Y av

0-0

(

g
o

has been utilized with oy set equal to zero. Weibull modulus is m,

0n is the normalizing stress and oy is a value of stress below which no
failures are expected. All three are material constants which should

not vary with the mode of test. To determine the dependeiice of strength
upon area, the integral with respec: to volume is replaced by an integral
with respect to area.

Table 5.2

Tensile Tests

(Samples Randomly Selected rrom 10 Billets)

Specimenstl)/Condition

Strain Rate (in/in/minute)

Temperature

°F 0.01 0.001 0.0002
RT 5 10 5
1000 ¥

1800 5 10 5
2100 10

2300 5 10 5
2500 10

1. Strong direction only (specimen cannot be
prepared for weak direction from 1.25 in.
thick billets)

NOTE: Elastic modulus determined from

strain measurements.




Strength, ksi

The arca and volume dependent probabilities are plotted in
Figs. 5.1 and 5.2, respectively. Once the area or volume under critical
stress is determined for the stator vane, it will be possible to predict
the survival probability under emergency shutdown conditions from the
appropriate curves. Available data indicate that the Weibull area
integral is more appropriate for predicting tensile strength at room
temperature, while the volume integral appears to be more accurate at
2500°F .

Tensile Strength

The tensile strength of SizNg was measured using specimens of
different sizes (Fig. 5.3). Twenty two tests were conducted in helium
using graphite grips and load train. Tests at 1800, 2100 and 2300°F
used 3 inch specimens with 1.50 in. gauge length of 0.147 in. diameter -
cross section so that the 750 1lbs capacity of the load train would not
be exceeded. Specimens for tests at 2500°F were similar except for
the cross section of the gauge length which increased to 0.25 in.
diameter. Some of these specimens were tested at 2300°F for comparative
purposes. A cross head rate of 0.001 in/in/min was employed for the
most part. Strain rate sensitivity was studied by testing at .00018
and .010 in/in/min at 1800 and 2300°F.
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f ff | Hﬂrﬁhk;;
200 g .1 -
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Log KA
Figure 5.1 Predicted and Measured Failure Stress of Hot Pressed

Silicon Nitride for Various Test Modes (Two Parameter
Weibull Theory Based on Area)




”é
r
130 , . ' r
120 b N m=19.1 m o
1 0p=41, 600 g o G
Hot gﬂfr Room Temperature f(nu) e Ku(nﬂj ]
e B § == 0 ]
ol (1+1/m)
90 p 4 PT 0 = T 1
lex VG mw”m
- 80 F ]
<
- 70}
=
£ 60 ]
o r
@ S0F | ’p
i Tensile ]
* m=7.1
30 0,=26420
20+ 130u~C 2375°F
ot strain vi. 001 infin minule I
= ” e e ] 0
10 10 10 10 10 10
log (kV)
Figure 5.2 Average Failure Stress for Hot Pressed Silicon Nitride
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Weibull Theory Based on Volume
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Figure 5.3 Tensile Specimens
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Tensile tests were also conducted in air. In this case, a KT
silicon carbide load train with HS-110 SizNg4 grips was used, with a
specimen of 5.5 inch length with 2.50 in. gauge length and 0.25 in.
diameter. Comparative tests were made using the 3 in. specimen with
a 0.25 in. diameter.

The results are plotted independently in Fig. 5.4. While some
strain rate sensitivity was observed, the effects of atmosphere and .
specimen size are considered negligible. Upon cooling a vane from
2500°F, a maximum transient thermal stress of 41,000 psi is expected
to develop at 1800°F with a strain rate approaching 0.001 in/in/min.

The reported strength of 42,500 psi under these conditions lies marginally
above the requirement.

The modulus of elasticity was also measured as part of the tensile
test program. Figure 5.5 shows Young's Modulus versus temperature
measured by several methods. The highest values were determined ultra-
sonically by Corning and reported by Ford. Since the middle curve
reflects the ,001 in/in/min strain rate, it is considered to be the most |
appropriate for the gas turbine condition.

. X .

Preliminary data indicate that the tensile strength of Norton
hot pressed silicon carbide is 26,200 psi at 2300°F (0.001 in/in/min
strain rate).

Creep of Hot Pressed SizNg

Stress rupture tests were made on Norton 1IS-110 SizNg at 2100°F,
and Norton HS-130 SizN4 at 2300° and 2500°F, respectively. These tests
were conducted in a helium atmosphere using cylindrical specimens,
2-3/4 in. long with 1/4 in. gauge diameter and 1-3/4 in. gauge length.
Gripping is accomplished by a ball-and-socket arrangement, where all
parts are made of graphite. The specimens were placed in an induction
furnace capable of providing a uniform 3 in. long hot zone at the
maximum test temperature of 2500°F. The furnace and specimen assembly
were placed in an Instron machine, where a constant load is maintained 1
automatically. Specimen elongation was measurecd by an LVDT attached i
to the bottom ram of the machine. Good agrcement was obtained for all
samples tested between the elongation measured on the machine and that
measured from the fractured specimens.

The results of the stress rupture tests are plotted in Fig. 5.6.
Although these data are not yet considered statistically significant; 1
they relate in the following manner to the operating requirements of
vanes in'the stationary gas turbine: !

(1) Under design conditions of 5000 psi steady state gas
bending stress and 10,000 hours operating schedule, HS-130 grade SizNy
does not have adequate creep strength at 2500°F.

(2) For the same load and time conditions, HS-130 grade Si3Ng d
does have the required creep strength at 2300°F.

]
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Figure 5.6 Stress-Rupture Properties of Silicon Nitride He
Atmosphere ‘;

In addition, it may be seen that the impurity level (particularly 3
Ca) has a major effect on the creep strength of SigNg. Figure 5.6 shows / |
that the creep strength of the HS-110 material at 2100°F is lower than f
i the creep strength of the HS-130 material at 2300°F. The steady state :
| creep rate of SizNy is plotted as a function of inverse temperature for
three impurity levels (Fig. 5.7). Assuming the steady state creep
l rate can be expressed by a generalized Arrhenius equation, similar to
the well established practice in metallic materials, activation energies
for creep (AH)can be obtained.

Figure 5.7 shows AH = 150 Kcal/mole for HS-130 Si3Ng4 at 10,000 psi ;

within the range of 2300°F and 2500°F; 'and AH = 130 Kcal/mole for the |
HS-110 material at 10,000 psi in the temperature range of 2050°F to ]
2150°F.

Creep deformation in hot pressed Si3zNy is apparently controlled |
by a grain-boundary sliding mechanism. The viscosity of the boundary 1
glassy phase is a dominating factor when the mechanical strength of L
the material is considered, particularly at elevated temperatures. The . {
activation energy data are consistent with these observations.
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Rosin, et al.(s) measured the viscosities and the activation
energies for viscous flow of Si0y, and of Ca0 and A1203 doped Si0;.
Their data on the activation energies for viscous flow of pure Si02
are shown in curve A, Fig. 5.8. As discussed in Section 5.2.2, of
this report, the boundary glass phase in HS-130 SizN4 contains about

Temperature®°F
1832 2100 2200 2550 2910
10T —T7 i |
170 Range of AH for —
Pure Si0?
160 —a —
AH, HS-130 Data Points
(Rosinet al)

INE
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S
|
/
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S
|
—e—
—e—
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1221— / —
AH, HS-110 \ \

110 Assumed Range -
of AH for Si0y +8 \ \
mole % Ca0 \

100{— \_\ _

% | | | | | |

1200 1400 1600 1800 2000 2200 2400 2600
Temperature©°K
Figure 5.8 Activation Energy for Viscous Flow (for SiOz, and Ca0

Doped Si072)




12 mole % Ca0. If the temperature dependence of AH for viscous flow

of Si0p plus 8 mole % Ca0 is assumed to be similar to that of pure Si0j,
curve B of Fig. 5.8 can be constructed from the single data point given
by Rosin, et al., for this glass composition at the temperature range
of 1900 to 2200°K. It now becomes apparent that there is good agreement
between the activation energies for creep of SizN4 and the activation
energy for viscous flow of a Ca0 doped Si0). This agreement, and the
very strong effect of Ca on the creep rate under given conditions of
temperature and stress suggest that the creep behavior of SizNg is
controlled mainly by the properties of the boundary glass phase.

Flexural Strength

The flexural strength of Norton HS-130 hot pressed silicon
nitride was measured at Westinghouse in 4-point loading (outer
span = 0.875 in., inner span = 0.375 in.) with a fixture made of
hot pressed silicon nitride. The specimen dimensions were 0.125
x 0.250 x 1.25 inches long. All samples were ground parallel to
length on four sides with a 320 grit wheel to insure a uniform surface
finish. All tests were conducted in air.

The results of 150 flexural strength tests under conditions of
4-point loading are reported in Figs. 5.9 and 5.10. These tests were
designed to establish the strength of silicon nitride, and also to
determine the effect of loading rate, temperature, and direction. As
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Figure 5.9 Four Point Flexural Strength of Hot Pressed Silicon
Nitride vs Temperature for Various Average Loading Rates
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Figure 5.10
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statistically significant data become available, the load rate dependence
will become clearer. A minimum of 10 samples are used for each set of
conditions. A minimum of 360 tests are required to evaluate three
loading rates at six temperatures for ten billets of SizNg.

Preliminary data for Norton hot pressed silicon carbide are
reported in Fig. 5.11. The large scatter in these flexural strengths
make it difficult to establish whether this material shows anisotropic
pProperties or a strain rate sensitivity. In general, its strength
appcars to be roughly equivalent to HS-130 silicon nitride.

Additional work on determining the flexural strength of SiC
and SizNg4 was performed at Ford up to 1800°F. The design of the
test samples and the loading method is shown in Fig. 5.12.
Comparison of the results of this work with those previously reported(1)
arc found for Norton HS-130 silicon nitride in Fig. 5.13 and for
Norton hot-pressed silicon carbide and the "Refel" silicon carbide
in Fig. 5.14. 'Refel" SiC is being evaluated as a candidate
turbine material; test samples were obtained from the United
Kingdom Atomic Energy Authority, Springfields, England.
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The significance of the comparison is two-fold. First, where

the surface preparation of the bend specimens was as good as

(surface ground longitudinal with 220 grit diamond) or better than

(polished with 3 u diamond) the specimens with which the comparison

is made, the values of flexural strength compare closely with the

data of others and attest to the validity of the specimen design

and to the usefulness of comparisons to be made in the future.

Second, in the cases where some transverse scratches (220 grit)

were introduced by grinding in the chamfered part of the bend

specimen, the flexural strengths were correspondingly lower. However,

the effect of these scratches was more marked in the case of

silicon nitride. When observing the silicon nitride results, it is

important to note that the specimens were always cut from the

~ hot pressed material so that the longitudinal axis was perpendicular

| te the pressing direction (decignated the strong direction(l). In
all cases, the lines representing the work of other investigators(1:4)
should include an error band of usually no less than * 10 ksi.
The hot-pressed silicon carbide data and the initial results on
the "Refel" silicon carbide indicate that the '"Refel process is
capable of producing a material which is competitive with the
hot-pressed material. While flexural strengths clearly tend to
improve with surface finish, the relative sensitivity of the |
carbide as compared to the nitride is worth further consideration.
Continued investigation will no doubt reveal in what way scratches
are related to the crack propagation p:rocess which was observed
to be typically intergranular in the hot-pressed silicon nitride

. and transgranular in the hot-pressed silicon carbide.

Compressive Strength

Compressive strength of SizNy exceeds 450,000 psi at rocm temperature
as measured on a standard load frame using 1 inch long x 3/8 inch
diameter specimens loaded between KT silicon carbide platens. A
compressive creep test at 100,000 psi and 2300°F was run on the same
apparatus. Results indicated less than 1/2% strain after 500 hours.
The strain vs time curve is shown in Fig. 5.15.

Thermal Properties

The thermal conductivity, diffusivity and expansion measurements

of SizNg4 as a function of temperature and hot pressing direction were \
completed at the Battelle Memorial Institute using the flash diffusivity

and optical methods described in the last report.(l) The results _
are presented in Figs. 5.16 through 5.21. Preliminary data for hot ]
pressed SiC (heat flow parallel to the hot press direction) are giver
in Fig. 5.22. Further tests are underway to measure these properties
in the perpendicular direction.

Thermal stresses large enough to fail a specimen under well o
controlled conditions are being investigated. A centrally heated {
hollow cylinder with a notch for a stress riser (Fig. 5.23) is under-
going analysis using finite element computer codes. The stress for
a measured temperature gradient was computed and the correlation between
geometry, thermal gradient, and strength was determined. A Weibull
statistical treatment will also be applied to these data.
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Shear Modulus

Shear modulus data have been obtained for hot-pressed silicon
nitride, hot-pressed silicon carbide, and lithium-aluminum-silicate
(used in turbine regenerators) in the temperature range of 660 to
1800°C. Where high temperature shear modulus data are available for
the material of interest, the data are compared with the results of
others.

Data were obtained using a pulse-echo method; the apparatus is
shown schematically in Fig. 5.24. An oxcillator emits 1 us duration
pulses of 10 MHz energy which are converted into ultra-sound by a
Y-cut (shear wave) quartz transducer. The pulses of ultrasound are
introduced into one end of a fused silica delay line, the other end
of which is bonded to the sample in the furnace. The time separation
of sound pulses which undergo repeated reflection at the parallel faces
of the sample is found from the video display. The speed of shear
sound waves, V, is calculated using this separation and the known sample
length. The shear modulus is calculated by pVZ, p being the sample
density. The quality of the high temperature cement joint limits
both the temperature range over which data can be secured and the
accuracy of these data. In the present experiment the delay line
was bonded to the sample with Ferro Frit XG-142, Ferro Corporation,
Cleveland, Ohio to which approximately 5 weight percent Pb0 was added.
This type of cement joint, fired at about 1200°F on initial sample
warmup, was satisfactory for use at higher temperatures. Experimental
reproducibility of velocity values for successive runs is * 10%,
which yields * 2% uncertainty in modulus.

Shear modulus data were also obtained at room temperature where
the quartz transducer was cemented directly to the sample with
phenyl salicylate.
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Figure 5.24  Schematic Diagram of Ultrasonic Equipment

Experimental data for silicon nitride, silicon carbide and
lithium-aluminum-silicate are shown in Fig. 5.25, 5.26, and 5.27.
Numerical data for the three materials at selected temperatures, taken
from smooth curves drawn through the experimental points, are given
in Table 5.3. A detailed description of the data follows.

High temperature data were obtained on two samples of hot pressed
Si3Ng4 with dimensions 1/4 in x 1/8 in x 1-3/4 in long. These are
designated as samples no. 1 and 3, (see Fig. 5.25). The shear modulus
was found to be a smoothly decreasing function of temperature between
660 and 1800°F. Room temperature measurements on these samples,
however, gave a shear modulus about 5% lower than the value at 660°F,
The room temperature measurement was repeated on another sample with
dimensions 3/8 in x 3/8 in x 6 in cut from a different billet of
material. This measurement also yielded a room temperature modulus
sonewhat lower than the 660°F value.

The room temperature shear modulus of HS-130 material has
recently been measured at Corning Research Laboratories using standing
wave resonance techniques in the kHz frequency range. A room
temperature shear modulus of 17.6 x 109 ps. was reported, which
compares well with the value of 18.0 x 106 psi determined mechanically
at Westinghouse.
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2
TABLE 5.3 {
3
3
SHEAR MODULI OF SILICON NITRIDE, SILICON CARBIDE :
AND LITHIUM ALUMINUM SILICATE FOR VARIOUS TEMPERATURES 4
SAMPLE DENSITY SHEAR MODULUS (10° PSI)
MATERTAL gm/cm3 350°C 550°C  750°C 950°C
Si3Nq i
(Norton HS-130) 3.18 17.6 17.5 17.2 16.8
SiC .
{Norton Hot- ]
Pressed) 3.28 28.4 28.1 27.6 27.0
[
!
LAS
(Corning 9458
753-22) 2.24 4.24 4.23 4.21 4.18




High temperature data, shown in Fig. 5.25, were taken on one
i sample of Nortor hot pressed silicon carbide with dimensions 3/8 in. x
| 3/8 in. x 3 in. cut from a billet. The measured sample density of
i 3.276 gm/cm3 exceeds theoretical density by about 2%. Spectrographic
| analysis of a sample cut from the same billet showed substantial
amounts of iron and aluminum, with trace amounts of nickel and copper.

Shown also in Fig. 5.26 is the curve of shear modulus vs
temperature reported by Corning Research Laboratories(l) for another
sample of Norton hot-pressed SiC (reported density of 3.294 gm/cm3).
The measured shear moduli typically exceed these kHz frequency range
results by about 4%. The temperature dependence given by the two
experiments is nearly identical.

Recently Shaffer and Jun(5) have reported kHz frequency range
room temperature shear modulus measurements of transparent, high
density, high purity silicon carbide grown by vapor deposition methods.
For the seven samples investigated the modulus values spread over a
6% range. These same authors claim that small amounts of impurity,
in the form of a second phase, can considerably alter the elastic
properties of silicon carbide. The difference between the present
i results and those reported by Corning may be due to differences in
impurity content.

e I o B e

Measurcments were made on one sample of 1lithium-aluminum-
silicate (Corning 9458) with dimensions 1/2 in. x 1/2 in. x 3/4 in.
long. Initial room temperature measurements gave the speed of ultra-
sonic shear waves as 3.47 x 10° cm/sec. After repeated thermal cycling
between 570 and 1800°F, a requirement for high temperature data runs
the speed of the ultrasonic shear waveset was found to be 3.60 x
10° cm/sec. The reason for this change is not understood but may be
connecté:d with changes in the structure of the material upon thermal
cycling m~ar 1470°F. This study was confined to the evaluation of a
thermall cled specimen, data for which are shown in Fig. 5.27.
Within the estimated accuracy of the measurements, the shear modulus
remains constant between 660 and 1760°F, although a slight decrease
seems to occur at the higher temperatures.

Independent room temperature measurements (1) in this material
yield shear wave velocities in the range 3.25 to 3.41 x 10° cm/sec,
as compared with the value of 3.47 x 105 cm/sec as measured before
thermal cycling.
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Corrosion Testing of Silicon Nitride

Corrosion testing in the turbine passage has been performed using
diesel oil containing 0.5 wt % sulfur, 5 ppm sodium, 2 ppm vanadium and
0.6 ppm Mg. These contaminants were introduced into the gas stream by

mixing in appropriate amounts of various compounds with the fuel oil
as follows:

Sulfur: dietertiary butyl disulfide
Sodium: sodium napthenate
Vanadium: vanadium carboxylate

Magnesium: magnesium napthenate

This level of impurities corresponds to ASTM specifications for maximum
allowable impurities in GT-3 fuel. The degree of corrosion attack

was determined by changes in the weight of the test specimens without
removing any surface deposits.

The turbine gassage is described in detail in the First Semi-Annual
Progress Report.(2) However, its operation may be summarized as
follows: Air is compressed to 45 psi, preheated to 600°F and fed
directly into the inlet end of a thick walled stainless steel tube

6 in. inside diameter which serves as the pressurized gas passage. The
combustor is of standard design approximately 4 in. diameter by 30 in.
long. Diesel oil is injected into the primary combustion zone through

a pressurized fuel nozzle located in the dome shaped front portion of
the combustor. Combustion gases and secondary cooling air exit

axially with a gas mixer section provided to insure uniform gas temperature

in a rectangular test section 2 in. x 4 in. The gas flow is accelerated
past a staggered double array of 4 - 2 in. x 1/4 in. x 1/4 in. test
specimens in a silicon nitride holder to enter the exhaust duct.

Pressure is maintained by a water cooled barrier plate acting as a
variable pressure valve. Exhaust gases are vented to the atmosphere
through an extensive muffler system to reduce noise to acceptable levels.

Figure 5.28 shows the front and back surfaces of a HS-130 silicon
nitride specimen which has been eiposed for 250 hours at 2000°F and
3 atmospheres pressure to combustur gases containing 0.5 wt % sulfur,
5 ppm Na, 2 ppm V, and (:.6 ppm Mg. The front surfaces of the specimens,
first encountered by the oncoming hot combustion gases, are relatively
clean and covered with a uniform layer of barium silicate (Ba0-25i03).
This results from an impurity of 0.4 ppm barium which is present in the
fuel. In contrast, there are large glassy deposits on the back surfaces
of the specimens. X-ray diffraction analyses of these deposits gave
an amorphous pattern, confirming their glassy nature. Emission
spectrography and wet chemical analysis are presently being used to
aralyze the glass composition.




NI

Py S

-

e .

s

v v

Front Suriaces Back Surfaces

Figure 5.28  Surface Appearance of a Silicon Nitride Test Specimen
after 250 Hours of Exposure at 2000°F to Combustor Gases
Containing 0.5 wt % S, 5 ppm Na, 2 ppm V and 0.6 ppm Mg

Figure 5.29 shows the average weight change as a function of
corrosion time for 5 silicon nitride specimens exposed ir. the test
passage at 2000°F to combustor gases containing 0.5 wt % S, 5 prm Na,

2 ppm V and 0.6 ppm Mg. Corrosion data for silicon nitride in clean
Gulf #2 diesel fuel and in diesel fuel with 0.5 wt % sulfur aie included
for comparison. Corrosion appears to increase with fuel contamination.
Since the scatter in these data, however, excecds the width of the band
generated by the three curves, it is difficult to describe the differences
as significant. The specimens initially gained weight, which is almost
entirely due to the deposits formed on the specimen surfaces. These
surface deposits are formed by the condensation of impurities in the
fuel and the air, and from the erosion of the stainless steel liner

used in the test passage. As corrosion progresses, the volume of
surface deposits increases until it becomes excessive and is swept away
by the high velocity combustion stream taking with it some surface
silica. The specimens then begin to lose weight.

Minor erosion of the leading edges was also observed, when testing
in the contaminated fuel. These initially sharp edges became smoothed
and somewhat convex after 250 hours of exposure to the combustion gases.
Lrosion of this nature also caused some lcss in the weight of the
specimens. In addition, a small weight loss may be expected due to the
possible formation of volatile silicon sulfide in sulfur-containing
fucls. However, the difference in the weight changes in SizN4 specimens
tested in different fuel compositions, as shown in Fig. 5.29, is very
small. This is not considered significant because of the large scatter
in the data.
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Figure 5.29 Effect of Fuel Contaminants on the Corrosion of Hot
Pressed Silicon Nitride in Turbine Test Passage at
2000°F and 3 atm Pressure

The sulfur, sodium, and vanadium in the fuel do not cause any
catastrophic accelerated hot-corrosion of Si3Ng at 2000°F, as observed
for various nickel-base superalloys at temperatures up to 1800°F,.

This is not totally unexpected since Na2S04, which forwus by the reaction
between NaCl(g), SO02(g) and Hp0(g) in the combustion gases, and

is believed to cause the hot-corrosion attack on superalloys, cannot
condense above about 1900°F in gas turbine environments.

Corrosion Testing of Silicon Carbide

Similar corrosion-erosion experiments were carried out on Norton
hot pressed silicon carbide, using both clean Gulf #2 diesel fuel and
diesel fuel with 0.5 wt % S, 5 ppm Na, 2 ppm V and 0.6 ppm Mg added,
at 2000°F and 3 atmospheres pressure. The surfaces of a silicon carbide
specimen after 250 hours of exposure in the contaminated fuel were identical
to those of SizNg4 specimens, as shown in Fig. 5.30. Again, the front
surfaces are uniformly covered with barium silicate and the back surfaces
with voluminous shiny glass deposits.

The weight changes in the SiC specimens after exposure in the
turbine test passage are shown in Fig. 5.31 as a function of corrosion
time. The weight change vs time curves for SiC follow the pattern
observed for SizN4, both in the clean and the contaminated fuel. However,
in the case of silicon carbide specimens, the top and bottom edges
appeared slightly chipped as a result of thermal shock. This caused a
small loss in weight in addition to losses due to corrosion and erosion.
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The corrosion-erosion behavior of hot pressed SizNg4 and SiC is
compared to that of commonly used superalloys, X-45 and Udimet-500
in Fig. 5.32. The magnitude of the weight loss for both SizNg4 and SiC
exposed to 2000°F combustion gases containing S, Na, V, and Mg at 2000°F
is much smaller than that for X-45 and Udimet-500 exposed at the much
lower temperature of 1650°F. Moreover, the corrosion of SizNy in the
pressurized turbine test passage does not cause any appreciable
degradation in strength. (1)

Low Cycle Fatigue (Thermal Fatigue)

Low cycle fatigue experiments, to model repeated emergency shutdown
conditions in a gas turbine, indicate that Si3Ng is able to survive
100 cycles at 2300°F, when loaded from 5(,00 to 20,000 psi in the
flexural mode. The samples were the same as the flexural strength
samples -- .125 x .25 x 1.25 inches long finished parallel to the
long dimension with a 220 grit diamond wheel. Four point loading was
employed using inner and outer span distances of 0.375 inch and
0.875 inches, respectively. Silicon carbide dowel pins we'e used for
bearing surfaces on “he silicon nitride test fixture. Load was applied
without reversal to avoid alignment problems and because compressive
creep is not a problem. Further tests in both the flexural and tensile
mode are planned following the schedule shown in Fig. 5.33.

Friction

The three piece vane design for the stationary gas turbine permits
some freedom of motion between the stator vane airfoil and its
restraining end caps. End cap pairs may slide with respect to their
associated insulator within the structural column. Because motion
at any of the interfaces is possible to some degree, both static and
dynamic coefficients of friction as well as wear characteristics must
be measured for high density silicon nitride or silicon carbide against
themselves and various other materials used to support the vane
assembly.

The procedure and apparatus for measuring friction were described
in the first semi-annual report.(2) Silicon nitride was tested against
materials with different surface finishes. The results are reported
in Fig. 5.34 and Table 5.4. Lithium aluminum silicate is the
insulating material that is specified to back up the end caps in the
vane assembly.

Wear and Fret

Wear and fret tests are being used to supplement the friction data
and to simulate the affect of motion at the end cap airfoil interface.
The specimen geometry and test fixture is shown in Fig. 5.35.

Silicon nitride vs silicon nitride was tested at 2300°F for one
hour (3600 cycles) at 11.0 1bs load, and for 1/2 hour (1800 cycles) at
19.8 1bs load. Fretting increased markedly at the higher load as
shown in Figs. 5.36. The white deposit appears to be powdered
silicon nitride with some silicon dioxide. Preliminary measurements
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indicate that the coefficient of friction, as measured in the friction

and wear apparatus, decreases from approximately 1.0 to 0.8 as wear
increases with time at 2300°F.

These results may signal a potential problem in the contact arca
between the airfoil and end cap in the 3 piece vane design if contact
and thermal stresses cause crack propagation from the chipped areas.
However, the motion imposed in this test exceeds that expected in the
part by a factor of 5 and each cycle represent a single turbine start.

Shear Strength

The shear strength and shear modulus of silicon nitride was
measured at room temperature and 1832°F using a specimen 5.5 inches
long with a 0.75 inch gauge diameter over a 2.50 inch gauge length.
Square ends were used to grip the specimen. The strain was measured
mechanically by means of linear voltage differential transducers
operated against push rods compensated for thermal expansion.

At room temperature, the shear strength and modulus were
68,600 psi and 18.0 x 106 psi/in/in, respectively. These values did not
change much at 1832°F where a shear strength of 70,300 psi and shear
modulus of 16.9 x 100 psi/in/in were determined.

A torsion test apparatus capable of 2500°F is currently under
construction. A schematic view is shown in Fig. 5.37.
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Static Coefficient of Friction
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Figure 5.33 Low Cycle Fatigue Testing Schedule at 1800°F

and 2300°F
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Static Coetficient of Friction for Hot Pressed Silicon
Nitride vs Various Materials
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Table 5.4

3V

vs VARIOUS MATERIALS

Load/psi Temp®F Static-lbs Static Coef. ngpmi;
340 RT .11 Wl S.S.
340 RT .09 .09 §.5.
340 RT 0 .10 S:5.
340 RT .11 »11 S.S.

1700 RT 1.07 vl 5.5,
1700 RT 1.5 .26 575,
1700 RT 1.23 .24 S.S.
1700 RT 1.3 26 S.S
340 600 76 76 S8
340 600 .79 79 5.8
310 600 {72 72 5.8
340 600 .52 52 5.8
1700 600 1.53 31 55
1700 600 1.59 33 S5
1700 600 2.65 53 5.8
1700 600 2.8 56 5.8
340 1200 - ZSAMPLE CRACKED-=<=ssmevsaicous
340 1200 3.6 6 S.S
340 1200 4.31 51 5.5
340 1200 2.6 6 5.8
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Figure 5.35 Wear and Fret Test Apparatus (Rocking Motion is in the Plane
of Ruler)
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SUMMARY

-

The purpose of detailed investigations into material sciences
is to azvelop an understanding of material behavior which will ]
. lead to improved material through better control of composition,
f processing, and fabrication. This is of particular importance
| since the ceramic materials being utilized in the turbine engines
are relatively new and appear capable of considerable improvement.
Various phases of the material sciences investigation will be con-
tinued throughout the life of the program.

The effect of some processing parameters upon the properties
of reaction-sintered Si3Ny was determined. The effect of varying
1 the o/B ratio upon properties was determined. It was found that
density, strength, and elastic modulus were essentially constant
l from 0 to 65% a Si3N,; above 65% a, these properties all decreased;
however, this decrease miy have been caused by additives.
* Oxidation studies of rea:tion-sintered material showed that oxida-
tion rates can be considerably slowed if a surface coating is first
formed by oxidizing at relatively high temperature. Oxidation proceeds
rapidly at lower temperatures in the absence of this coating. The
kinetics of oxidation were found to best fit the parabolic oxidation
law.

Studies of the effect of impurities upon high temperature
strength of reaction-sintered Si3N, have shown that iron was not
especially harmful, but calcium does significantly reduce strength,
] especially at 2400°F and higher.

1 The effect of variations in the nitriding cycle upon the strength
of reaction-sintered Si3N, was studied. While preliminary,

results thus far indicate that higher strengths are obtained

by reducing the nitriding time at the higher temperature. Baseline
transverse strength levels of 15.5 ksi were increased to 20.3

ksi by reducing the time at 2660°F from 24 to 4 hours. Microstructural
examination shows the material nitrided for 4 hours to have considerably
fewer large crystals of Sij3N,.

Microstructural studies of hot-pressed Si;N, and SiC were
continued. Particular attention was paid to the distribution
of impurities in hot-pressed SisNy, and revealed that calcium
and oxygen in particular are concentrated at the grain boundaries.
The glass composition at the grain boundaries was predicted for
both HS-130 and HS-110 grades of Si;N,, and appear to account
for the differences in high temperature creep strength between
these two materials. Analyses of hot-pressed SiC reveals that

. e

T R o> AL 3 T S 2 = ks
L ity Y G ! '
b d e b b e




1
|
!
t

m— Y

Al and W are the major impurities. The structure consists of

equiaxed grains varying in size from 1 to 10 microns. The fracture
mode was observed to change from predominately cleavage to predominately
intergranular fracture with increasing temperature. Grain boun-

daries appear to have been molten at some point during hot-pressing.

Gas-solid reaction studies were extendzd to include hot-
pressed silicon carbide. Weight gained during static oxidation
below 2200°F was insignificant. Above this temperature, weight
gain is parabolic. The oxide films formed were found to consist
of cristobalite; at temperatures of 2400 and 2500°F small traces
of Al,03 were also observed.
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5.2.1 CHARACTERIZATION OF REACTION-SINTERED SILICON NITRIDE

Introduction

Processing variables exert a great influence on the properties
of ceramic materials. The goal of this work was to systematically
determine the effect of processing variables upon the properties
of injection molded, reaction-sintered silicon nitride. The variables
examined during this reporting period were alpha/beta ratio and
nitriding cycles. These variables were examined for the purpose
of optimizing the properties of the silicon nitride as they pertain
to operation in the vehicular turbine engine. While some phases
of this study are still incomplete, the results of this work indicate
direction for future effort.

Effect of Alpha/Beta Ratios on Physical Properties of Reaction-

Sintered Silicon Nitride

In a previous report(l), it was noted that the alpha/beta
ratio of silicon nitride could be varied over a wide range by
changing the nitrogen flow conditions. The purpose of this study
was to determine the effect of phase composition (% alyha and
% beta SisN,) on the physical properties of injection molded SisN,.

This property data would be used to define the optimum phase composition

and consequently the proper nitriding conditions.

In this study, the density, transvarse strength (MOR), modulus
of elasticity (MOE), and thermal expansion of samples of Si3Ny
were determined as a function of the phase composition. The test
bars were injection molded and sintered using standard nitriding
procedures (24 hours at 2150°F followed by 24 hours at 2660°F).

The range of alpha/beta ratios were obtained by varying nitrogen
flow conditions within the furnace. To obtain the(?§% a 5% 8
composition, Li,COj3 was added to the molding batch‘™’.

The MOR values were measured in 4 point bending on an Instron
test machine. Four inch long by 1/4 inch diameter samples were used
with a fixture geometry of 1 inch top span and 3 inch bottom span
and a cross-head speed of 0.10 inches/min. The density was determined
using a water immersion technique and the MOE determined using
a resonance technique. The thermal expansion was measured using
a differential dilatometer. The phase composition was determined
by x-ray diffraction and expressed as weight percent.

Figure 5.38 shows density variation as a function of % alpha
SigNy. As can be seen, the density remains constant up to the
65% alpha region. The curve is then shown to decrease to include
the 95% alpha data point. The lower density may be due to the
fact that Li,CO3 was substituted in the injection molding batch
in order to obtain the 95% alpha Si3N, composition.
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Figure 5.38 The Effect of Alpha-Beta Ratio on the Density
of Silicon Nitride

Figure 5.39 shows the MOR as a function of % alpha SijN,.
Again no change is noted in strength up to 65% alpha. A decrease
is noted at phase compositions greater than 65% alpha.

Fig. 5.40 shows a curve of strength vs density, and was obtaired
by cross plotting the data from Figs. 5.38 and 5.39. Thie shows
that strength is dependent upon the final density of the material.
From this data, it is concluded that the loss in strength at
compositions of 65% and greater a Si3N, is a density controlled
effect. Fig. 5.41 shows the curve of MOE vs % alpha SisN,.
Again a decrease is noted starting at the 65% alpha region. As
before, this could be attributed to a density effect.

Fig. 5.42 shows the thermal expansion for two phase compositions.
The high alpha phase has a slightly higher expansion (125 pm
at 850°C). This data is consistent with the literature, (6)however
it is questionable whether this difference is statistically significant.

Table 5.5 summarizes the physical properties of the injection
molded Si3Ny, for the region 14% to 65% alpha Si3N,. In the region
greater than 65% alpha, the strength and MOE decreases are probably
density controlled.




100

1 16 SAMPLES/CATA PT
i MIN. COEFF. OF VAR, = 10
MAX. COEFF. OF VAR 21
AVG. COEFF. OF WAH 13
i a 4 POINT BENDING
{ - 4
- o y et oy "
4 1G5
E P
&)
=4 [
w
(o5
=12
w &
w)
5 &
[19)
7
z |
<
o
[
A -
u T 1 —p N 1 T
0 10 20 a0 40 50 il 80 an
% a Si3Ng
Figure 5.39 The Effect of Alpha-Beta Ratio on The Transverse
Strength of Silicon Nitride
s 22
‘ 20
| g 18
T
'_
Q
=z
w
[%2]
w .
o
w
7
z 14
<
] o«
1 ol
2
L]
T T T T
2,00 210 2.20 2.30 2.40
DENSITY gm/ce
Figure 5.40 The Effect of Density on the Transverse Strength
of Silicon Nitride

e

T




176

MICE # I

p—

T T T T
L} 1 Fall H1 an 50 i i} i} i)

% e Gighig

Figure 5.41 The Effect cf Alpha-Beta Ratio on the Modulus of
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TABLE 5.5

SUMMARY OF MECHANICAL PROPERTIES OF
REACTION-SINTERED SILICON NITRIDE

(14-67% ALPHA Si.N,)

Density 2.23 + .02 g/cc
MOR 17,000 + 2,500 psi
Weibull Modulus (m) 10*

MOE 17 x 106 psi

*Estimated from coefficient of variation and assuming
u = 0(8)

The Effect Of Alpha/Beta Ratios On The Microstructure Of Reaction-

Sintered Silicon Nitride

In the previous report(l), the microstructure of reaction-
sintered Si3Ny was discussed relative to alpha/beta ratio, and
differences noted were mainly in the grain boundaries. No differences
were detected with respect to grain morphology. However, within
each specimen various grain morphologies were observed, consisting
of equiaxed and slightly elcngated sub-micron grains along with :
1-2 micron '"large' grain clusters. Electron diffraction studies 4
were initiated in an attempt to identify the various microstructural i
features. This knowledge will aid in microstructural analysis
and also contribute information that will assist in attempts to I
change the microstructure to obtain optimum physical properties.

Extraction replicas of fractured surfaces were made of several
Si3Ny samples. The predominate morphology of the extracted crystals
was a characteristic needle shaped grain. Samples of hoth high
alpha phase (750/258), Fig. 5.43, and high beta phase {10a/908),
Fig. 5.44, contained approximately the same number of these needle
shaped crystals.

Electron difraction analyses of 3 needles from Fig. .44 18
showed all the needles to be B-Si3N,. Analyses of 5 needles from
Fig. 5.43 found them to be a-SijN,.

An examination of these needle shapes sinows them to have
slightly different characteristics. The alpha Si3N, needles seem {
t) have irregularly shaped sides and a length/width ratio of from |
6/1 to 11/1. However, the beta crystals have regular shaped,
straight sides with an length/width ratio of from 5/1 to 8/1.
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Figure 5.43

Figure 5.44

Microstructure of Silicon Nitride of Phase
Composition 75% Alpha, 25% Beta  24,800X

i g SIy

Microstructure of Silicon Nitride of Phase
Composition 10% Alpha, 90% Beta  24,800X
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Oxidation of Reaction-Sintered Silicon Nitride

The purpose of this study was to define the oxidation charac-
teristics of injection molded silicon nitride. The study involved
measuring changes in weight with the purpose of (1) defining the
oxidation kinetics, (2) studying the effect of phase composition
on the oxidation kinetics, and (3) correlating the changes in
weight with the amount of oxidation products formed. The phase
compositions were chosen to give a wide range of a/B ratios.

The oxidation experiments were conducted in a static air-
atmosphere furnace. The samples were mounted in a holder and
inserted into the furnace while at temperature. After the designated
time period had elapsed, the samples were removed from the hot
furnace and weighed on a Mettler Balance.

Fig. 5.45 shows the weight gain (AW expressed per unit of
geometric surface area) as a function of time at various temperatures.
These results are shown for two samples of silicon nitride, one
of high alpha and the other of high beta composition. As can
be observed, the largest weight gains were observed for the lowest
temperatures tested, and the lowest weight gains were observed
for the highest temperatures. The high temperature samples developed
a glassy coating during testing. This coating seemed uniform
and coherent. After one or two hours, visible changes in the
surface could be noted, showing that this surface coating started
to develop after a short time. The low temperature samples did
not develop any visible coating during the life of the test. The
weight gain curves could be explained on the basis of this surface
coating. At high temperatures, the coating develops rapidly and
slows the oxidation reaction. As the coating becomes coherent,
the oxidation reaction becomes a diffusion controlled process.

At the low temperatures, since no protective coating is formed,
the oxidation can proceed at a much faster rate.

Attempts were made to define the kinetics of the oxidation.
The data was found to best fit the parabolic oxidation law:

AW V2
(AFC;&) = kt*‘Ci

where k is the rate constant and C; is a constant of iitegration.
However, when this data was applied to the Arrenius equation,

the results showed an incorrect temperature dependence. It is
felt that the problem lies in the choice of the value for area

in the AW/Area term. The data was calculated using the geometric
surface area of the test sample. However, since oxidation occurs
at least partially on the interior of the sample, due to porosity,
it is reasoned that a more correct choice of area would be the
BET surface area, which i_. a measure of the total surface area

of a material. This analysis would require data of surface area
as a functior of time at temperature. Experiments of this type
were attempted, however, the results were not reproducible due

to the smail values obtained for the surface area.
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Fig. 5.45 also shows the oxidation as a function of phase
composition of the silicon nitride. For each temperature studied,
the high alpha material exhibited larger weight gain. Again,
it is felt that this is a function of the surface area of the
material. The BET surface ares analysis conducted on injection
molded silicon nitride showed that the high alpha material has
a higher suvface area. Therefore, if the proper normalizing factor
were employed, it is felt the oxidation rates would be similar.

The effect of tle glassy coating on further oxidation is
shown in Fig. 5.46. Test bars treated at 2500°F for 125 hours
were returned to room temperature and further tested at 203C°F.
The weight gain for the low temperature is the second portion
of the curve. As can be seen, the weight gain for the 2030°F
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treatment is less than the weight gain for the 2500°F treatment
for a constant time. This can be compared to the weight gain
at 2030°F without prior heat treatment (Fig. 5.45), which is
approximately ten times the weight gain at 2509°F. This shows
that thc glassy coating formed is a protective one, and acts to
retard the oxidation process.

The x-ray diffractic: analysis of the samples indicated that
the oxidation product was cristobalite. lence the net oxidation
ecquation is:

SisNy, (s) + 30, (g) > 35104 (s) + 2N, (g)

According to this equation, a one percent wecight gain is equal

to the formation of 2.8 weight % of Si0,. Table 5.6 shows the

amount of cristobalite as calculated from measured weight gain,
compared to the amount of cristobalite determined by x-ray analysis,
for two samples. As can be secen, the percent cristobalite calculated
from the weight gain shows a reasonable agreement to the determined
amount by x-ray for the sample tested at 1890°F. However the

comparisons for the sample tested at 2500°F shows a rather poor
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Figure 5.46 Effect of Glassy Coating on Further Oxidation
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agreement between the calculated and analyzed amounts of cristo-
balite calculated from the weight gain shows a reasonable agrec-
ment between the calculated and analyzed amounts of cristobalite.
This could possibly be due to the technique employed to measure
weight gain. Cooling the sample to room temperaturc could cause
some of the coating to pop off due to the high volume expansion

of the cristobalite, and consequently cffect the weight gain results.

TABLE 5.6

WEIGHT GAIN OF SILICON NITRIDE

Firing Cycle % Cristobalite  © Cristobalite
Phase Composition AW (mg) LH%N e TR a) (Calculated)
1890°F ~ 179 hrs. 81 2.4 7.8 6.8

140, 86%R

2500°F - 127 hrs. 6 0.2 2.4 0.6
14a, 86%8

Fig. 5.47 shows the concentration gradient of cristobalite
as determined by x-ray analyses within the oxidation test specimens.
It should be noted that when treated at a high temperature, the
cristobalite forms primarily on the surface. The low temperature
treatment causes cristobalite to form throughout the entire sample.
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The glassy coating was analyzed using a non-dispersive x-

ray technique in conjunction with the scanning electron microscope.

Fig. 5.48A shows a typical glassy region. As can be seen, the
glass is highly crazed, and does not appear to completely wet

the surface. Elemental analyses were performed on the regions
marked C and D, and the results are shown in Fig. 5.48B and Fig.
5.48C. The glassy region C shows high concentrations of silicon,
calcium and iron. Table 5.7 shows analytical data on impurities
present in several samples of reaction-sintered SisN,. Calcium
and iron constitute the major impurities. The region not wetted
by the glass in region D shows the presence of silicon only. This

confirms that the glassy coating is an iron-calcium-silicate glass.

@ 100SEC  223C/S @  18esEc 1%t/
HS: S@EV/CH v5:5000 HS: SOEV/CH

Si
KaKa
Figure 5.48 Analyses of Glassy Coating
5.48a Glassy Region. 600X
5.48b Analysis of Region C
5.48¢ Analysis of Region D
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(TABLERISH/

IMPURITY LEVEL OF REACTION-SINTERED
SILICON NITRIDE (wt %)

A B C D
Fe 1.05 .35 .76 .35
Al .55 .30 .32 .30
Ca .40 .20 .03 .05
Zn <.01 <.01 .02 <.01
W <.01 .15 - .15
Co ~.01 .10 <.01 .10
v -- .10 ~-- .10
Totals 2.0 1.20 1.13 1.05

Effect of Impurities on Hot MOR

The strength of injection molded Si3N, was studied as a function
of temperature. Four batches of material were tested, with the
purity of the starting silicon metal as the principle variable.

The major differences are the level of iron and calcium impurities.
The high levels of tungsten cobalt and vanadium impurities in
nitrided samples B and D (Table 5.7) are due to milling. The

total impurity level was found to be between 1.0 and 2.0 wt percent.

Test bars were formed by injection molding and nitrided under
identical conditions, with the phase composition held at 60%
a/40% B SigNy. Samples A and C (Table 5.7) also contained a minor
amount of FeSi impurity (approximately 2 wt. % as determined by
x-ray diffraction).

The transverse strength of the samples was determined at
various temperatures in 3 point bending. The curve of strength
vs temperature is shown in Fig. 5.49. The results arc expressed
as a percent of the room temperature strength. Ten samples were
tested at each temperature. The distribution bars have been omitted
in order to better show the trend in the data. Samples A and
B (Table 5.7), both high in Ca but of different Fe impurity levels
are statistically similar. A slight decrease in strength is observed
up to 1600°F, followed by a large increase in strength at 2000°F.
Above 2000°F, the strength again decreases. Noakes and Pratt(8)
observed the same behavior in their study of reaction-sintered
SisNy. It should be noted that the strength at 2400°F has
decreased below the room temperature value.
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Figure 5.49 Transverse Strength of Silicon Nitride

Compositions vs Temperature

The strength of samples C and D (Table 5.7), both low
in Ca but of different Fe impurity levels, again are statistically
identical; however, they are diffcrent from the strength levels
of samples A and B at two temperaturcs -1600°F and 2400°F.
It should be noted that no decrease in strength was observed
up to 1600°F; however, more significantly, the strength at
2400°F is still above the room temperature strength.

Since both high Ca and low Ca samples are statistically
identical, but have large differences in iron content, it
can be concluded that iron does not play a primary role in
the high temperature strength of silicon nitride. However,
the variation in the calcium impurity level did have a significant
effect on the high temperature strength, especially at 2400°F.
Electron microprobe studies of the test bars showed that the
iron, calcium and aluminum impuritics were evenly distributed
throughout.

Effect of Nitriding Cycle on Physical Properties of Silicon Nitride

=
aalliE

The present nitriding cycle consists of 24 hours at peak
temperatures between 2100°F and 2300°F, followed by 24 hours
at 2660°F. This cycle was determined earlier as one that
gave suitable physical propertics. Work was undertaken to
determine the effect of varying the nitriding cycle on the
physical properties of rcaction-sintered silicon nitride.

Initial tests were run in a tube furnace using a constant
nitrogen flow and varying the sintering times at 2300°F and
2660°F. Test bars were nitrided and the physical properties
determined. To date, only the flexural strength of the samples
has becn investigated.
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Fig. 5.50 shows thec average tranverse strength (MOR)
as a function of time at 2300°F and 2660°F. The samples werc
4 inches long and 1/4 inch in diameter, and were broken on a fixture
using 1 inch top span and 3 inch bottom span at a cross head specd
of 0.10 inches/min; at least six samples were measured for each
data point. It can be noted that the baseline strength of
15.5 ksi when nitrided for 24 hours at 2300°F followed by
24 hours at 2660°F can be improved. The data revealed that
reducing the 2660°F nitriding time results in a notable improvement
in strength. For cxample, the 36/4 nitriding cycle exhibited
a flexural strength of 20.3 ksi compared to 15.5 ksi at the
24/24 bascline condition. This represents an increase of
25%.

An examination of the microstructure revealed the 36/4
material to be more uniform than the 24/24 silicon nitride material.
This can be seen in Fig. 5.51 which shows that the 36/4 material
has fewer large crystal clusters and in general smaller crystzls
within these clusters. The 24/24 material, shown in Fig. 5.52
has much larger crystals within the clusters.
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Figure 5.51 Microstructure of Silicon Nitride Reaction Sintered 1
for 36 Hours at 2300°F Followed by 4 Hours at 2660°F. !
9800X

Figure 5.52 Microstructure of Silicon Nitride Reaction Sintered

for 24 Hours at 2300°F Followed by 24 Hours at 2660°F.
9800X !
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This work shows that the properties of the reaction-sintered
material can be affected by the microstructure. Figure 5.50 reveals
a trend toward higher strengths resulting from shorter nitriding
times at higher temperatures. Further work must be done to fully
optimize this cycle.

The alpha/beta Si3N, ratio was determined on material nitrided
on each time-temperature firing schedule. It was observed that
for all of the samples nitrided, the phase composition was at
least 75% a SigNy with the balance being B8 Si3N,. This indicates
that the time at temperature in the nitriding cycle, at least in this
study, did wiot significantly affect the phase composition. The flexural
strength of the material did change significantly, even though the
a/B ratio was keld constant. This points out the importance of the
microstructure, and supports the conclusion that the a/Bf ratio does
not significantly affect the mechanical properties of reaction-
sintered silicon nitride.
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5.2.2 MICROSTRUCTURAL CHARACTERIZATION OF FULLY DENSE SILICON
NITRIDE ANL SILICON CARBIDE

i
4
1

Introduction

The importance of microstructure and its effect upon the mechanical
properties of a material cannot be overstated. In the case of hot
pressed silicon nitride and silicon carbide, grain morphology and
composition significantly influence the mechanical and thermal properties.
Since impurities and flaws control failure probability, the microstructure
is fundamental to the performance and reliability of ceramic components.
It is also a useful tool for material improvement and quality control.

A definite correlation between the high temperature flexural
strength and impurity concentration has been established for Norton
H5-130 silicon nitride. Low density inclusions, which degrade silicon
nitride at all temperatures, have also been identified. Some fractures,
characteristic to the microstructure of Norton's hot pressed silicon
carbide are reported, and fracture studies of chemically vapor deposited
silicon carbide are shown.

Silicon Nitride

Two grades of Si3zN4, designated HS-110 and HS-130, were obtained
from the Norton Company in the form of hot-pressed billets 6.3 x 6.3 x
1.3 inches thick. Detailed characterization of both materials has
: continued with particular emphasis on flaws that are related to the

powder processing and hot pressing procedures and impurity content and
distribution.

Spectrographic analyses of Norton HS-130 silicon nitride have been
obtained for 10 billets. Typical results appear in Table 5.8. An

Table 5.8
SPECTROGRAPHIC ANALYSIS, HOT PRESSED §i3NJ (wt %)

Billet # Al B Ca Cr  Te K Mg Mn Na Ni I W ¢
011072 B1 _
{ > 4 ) 8
(is-110) 08 001 0.5 0.2, 0.6 0.01 0.6 0.02 0.01  0.01 0.0 3 0.4]
309902-1
)3 7 7 2 2 2 :
@s-150) ©0-1  0.001 0.03 0.04 0.7 0.004 0.7 0.04 0.02 0.01 0.02 I 0.43
309902-2 ¥
- ) 2 3 a
(ls-130) O+l 0.02  0.07 0.04 0.6 0.003 0.8 0.03 0.004 0.01 0.02 3 0.4
200907 <
S09902-3 5 5,01 0.0 0.04 0.6 0.003 0.7 0.03 0.006 0.01 0.02 30.36
(11S-130)
309902-9

o
(115~ 130) 0.08 0.001 0.03 (.04 0.4 0.006 0.6 0.03 0.008 0.0l 0.02 0.5 0.0

9902~
3?33?;35? 0.09 0.004 0.04 0.04 0.5 0.004 0.5 0.03 0.008 0.01 0.02 0.3 0.04

ACCURACY: W and Fe by visual reading; accuracy 0.3 to 3 times amount present.

All other elements by direct reading; accuracy * 50% of amount present,
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analysis of tbe lower purity HS-110 material is included for comparative
purposes. While impurities have been reduced in HS-130, significant
variations in impurity level still persist, as shown in Table 5.9.

The combined concentration of calcium, sodium, and potassium
is critical to the high temperature flexural strength of silicon nitride
as indicated in Fig. 5.53. At 2370°F, for example, a reduction in
strength from 55,000 psi to 30,000 psi was measured when the Ca
concentration changed from 0.03 to 0.09%. The effect of composition
on the creep properties is expected to be equally significant.

Table 5,0

RANGLE OFF IMPURITY CONCENTRATIONS (wt %)
iN 10 BILLETS OF 1US-130 GRADL c-i‘-SN1

Al B Ca Na K W €

0.07-0.12 0.001-0.03  0.02-0.08  0,003-0,020 L003-.010 0.3-4.0 0.03-0.42

Variance within each billet (two samples per billet) was in the range of accuracy.

Variances in the concentrations of the other impurities (Table [) were also within

the range of accuracy
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o
I
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20— ]
1300°C
10— (2370°F) —
XH=0. 05cm/ min
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(Ca+Na+K), Wt. %

Figure 5.53 Effect of Impurities on Flexural Strength (4 pt. bend)
of Silicon Nitride

190

VIR




The distribution of major impurity elements was examined by
Auger analysis. Specimens of square cross section (0.1 in x 0.1 in)
were placed in a vacuum chamber and evacuated over night at a pressure
of 1079 torr. The specimens were then broken to expose a virgin
fractured surface. Since cxtensive examination of a large number of !
fracture surfaces indicates that the fracture is predominantly inter-
granular at all temperatures between RT and 2500°F, attention was paid !
to the grain boundary phasc.

Semi-quantitative results were obtained by measuring the peak-to-
peak height (Iyx) of the major peak of cach clement prescnt. From the
known relative sensitivity, Sy, of cach clement with respect to a
silver standard and the scale factor, Ky, the concentration of clement ;
X in atomic percent is given by y'

IXIOO Ia

where the sum ‘s over one peak from each element present on the surface.

A typical Auger trace of a freshly fractured surface of HS-130
silicon nitride is shown in Fig. 5.54. Similar traces werc obtained
for HS-110 material. The major cation impurities werc Ca, Na, K, and
Mg, which combine with silicon, oxygen, and nitrogen to represent the
grain boundary composition.
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Figure 5.54  Typical Auger Analysis Trace, of a Fresh Fracture Surface
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It was possible to reveal the transition and bulk composition ,
by sputtering the fresh frgctures in argon to remove material 2500 A
from thesc surfaces in 40 A increments. The results of analyses
after sputtering for both grades of SizNg appear in Fig. 5.55. Nitrogen
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Figure 5.55 Elements Distribution Profiles, Hot Pressed Silicon
Nitride Auger Analysis
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and iron increase in the bulk composition while oxygen and the alkalies
decrease.

The oxygen concentration converted from Auger profiles (Table 5.10)
is consistent with AMMRC ncutron activation analysis which show 2-5
and 6-9% oxygen in HS-130 and HS-110 silicon nitride, respectively.(4)
The high level of oxygen at the boundary indicated a glass phase
composition approaching:

HS-110: 2Mg0-2A1203'9CaO-228i02
1S-130: Ca0-Mg0-85i0,

The high concentration of Ca0 in the boundary glass phase is
considered significant in that it can account for the substantial
difference in high temperature crecp strength between the HS-110 and
15-130 SigN,. Preliminary creep data suggest that a major contribution
to the observed deformation comes from the grain boundary sliding.

The cffect of Ca, and tu a lesser degree Al, K and Na, can thus be
related to an appreciable decrease in the viscosity of silicate glasses
with small additions of Ca0.4)

Extensive x-ray radiography was conducted on flexural test
specimens in an attempt to correlate detectable flaws with strength
degradation. troups of 10 specimens from each of five HS-130 SizNyg
billets listed in Table 5.8 were radiographed. Almost all specimens
from billets 1, 2 and Z showed high density spots. No high density
spots werc secen in specimens machined from billets 9 and 10. After
testing all 50 specimens, it was quite obvious that the majority of
the fracturcs in specimens tested both at 1800°F and 2370°F werec not
associated with the high density spots. On the other hand, in most
of the samples that failed at stresses below the standard deviation
range of the respective group, a white, powdery, particle was found to
be associated with the fracture origin marked by an area of slow crack
growti, (Fig. £.76). Scanning electron micrographs of an inclusion,
densified SizN4, and BN powder, are shown in Fig. 5.57.

Table 5.10

CONCENTRATION OF ELEMENTS
WITHIN THE SizNy GRAIN (w/o)

(Data Converted from Auger Profiles)
Si N 0 Fe Al Mg Ca

HS-110 balance 34 8 1.2 1.4 0.9 0.8

HS-130 balance 36 6.5 1.2 --- 0.7 ---

*
Data supplied by H. Priest.




Figure 5.56  Light Micrographs Showing Orientation of Lenticular,
Non-Densified Silicon Nitride Inclusion in Flexural
Test Specimens with Respect to Hot Pressing Direction

Figure 5.57
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Scanning Electron Micrographs

A.
B.
C.

White Inclusion in SizNg - 2800 X

BN Powder

White Inclusion in Si3zNy Matrix - 2000 X

Tensile Surface {

l Hot Pressing
Direction

-~ 5500 X
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Microprobe traces taken across these inclusions showed a lower
concentration of Si and a higher non-uniform concentration of carbon,
as compared to bulk SizNg. A few of the inclusions were removed using
a WC tool and subjected to a Debye-Scherrer x-ray diffraction. Faint
lines, corresponding to hexagonal BN were seen along with strong lines
from B-Si3N4. Laser-source emission spectroscopy also confirmed
silicon but boron was only found in an inclusion from billet 1.

These white powdery inclusions are considered to be small agglomerates
of a non-densified Si3zNg which occasionally contain BN.

Pole-figure analysis indicates some preferred orientation in
hot pressed SizN4. Figure 5.58 is a reproduction of a (210) pole-figure
obtained from a specimen from billet 309902-2. The hot pressing
direction is vertical. The pole-figure (Fig. 5.58a) and the histograms
(Fig. 5.58b) show that about 15% of the grains are oriented, with the
basal planes within 20° of the hot pressing direction, or conversely,
with the C axes within 70° of the hot pressing direction.

Hot Pressing Direction

e —

Figure 5.58 Pole Figure Analysis
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Hot Pressed SiC

Typical spectrographic analysis of the major impurities in Norton
hot pressed SiC is given in Table 5.11. The main impurity element
is aluminum, which is added presumably to promote liquid phase
sintering. Tungsten represents another major impurity which is present
mainly in the form of WC, a residuc of the ball milling operation. The
source of iron contamination is rot known. It may result from the crushing
operation or it may occur as a natural impurity in the starting powder.

Powder x-ray diffraction data arc shown in Table 5.12. WC is
identified as the only impurity phase. Alp0z was not detected indicating
that it is either not present in sufficient quantity, or, more probably,

that it is present as a constituent of an amorphous grain boundary
phase.

The distribution of the impurities and the additives in hot
pressed SiC are illustrated ir Fig. 5.59. Alumina is the major constituent
in the grain boundaries, whicn also contain a dispersion of W rich
particles. Although the probe beam has to be defocused for an oxygen
scan, it is apparent that the grain bounlary phase contains oxygen also.
An overlap of Fe and W peaks was observed, which is similar to that
previously noted in SizNg. In both cases the source of W is from
ball milling with WC balls. Apparently during hot pressing at 3700°F,

a reaction occurs between W, Fe and Si which results in the formation
of a W-Fe-Si compound.  Unfortunately, this compound cannot be
identified by powder x-ray diffraction in either SiC or SizNy.

Grain morphology is illustrated in Fig. 5.60, a scanning
clectron micrograph of a polished and etched specimen. [quiaxed
grains, which vary in size from about 1 um to 10 pm, arec typical
of hot pressed SiC. An average grain size of 3 um was established
by linecal analysis. The small bright particles arc WC or W-rich
inclusions. The black holes are etching cavities.

Table 5.11
SPECTROGRAPHIC ANALYSIS,
HOT PRESSED SiC, NORTON BILLET 472-2

(in wt %)

Al E Ca Cr Cu Fe ﬁ

1.0 0.002 0.01 0.01 0.005 0.1 0.001

Mg Mn Mo Na NiTi Voo

0.001 0.001 0.01 0.001 0.005 0.03 0.02 3-5
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Table 5.12 ’
POWDER X-RAY DIFFRACTION DATA HOT-PRESSED SiC, NORTON BILLET 472-3
(SiC Phase is a Mixture of the Hexagonal II and IV Polymorphs) b
* *
o Relative o Relative
d, A Intensity Phase d, A Intensity Phase
3.47 W unknown 1.13 W SiC
2.82 W WC 1.09 W SiC }l;’:
2.62 M SiC 1.045 W SiC
2.58 W SiC 1.015 VW SiC, WC
2.51 S SicC, WC 1.00 W SicC
2.35 M SiC 0.99 W SicC
2.18 W SicC 0.975 W SicC
2.10 VW SiC 0.955 W SiC, WC
] 2.00 W SiC 0.942 W SiC, WC
1.87 W WC 0.915 W SicC
1.68 W SiC 0.89 VW SiC
1.60 VW SiC 0.865 W SiC
: 1.54 S SicC 0.840 W SiC
’ 1.45 VW SiC, WC 0.804 W SiC
| 1.42 W SiC, WC 0.790 W SicC
E 1.33 Vit SiC
1.31 VW SicC
1.29 W SiC, WC
1.26 W SiC, WC
1.23 VW SiC, WC
1.22 VW SiC
1.15 VW WC
; y
|
t : W = wear \:
Viv = very weak ’}\
S = strong |
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Figure 5.60  SEM Micrograph of Polished and Etched Surface of
Hot Pressed SiC

The gradual transition from a failure mode which is predominantly
cleavage to predominantly intergranular is observed as a fu: “tion of
increasing temperature. Frequent cleavage steps and the smouth
appearance of the fracture surface (Fig. 5.61) indicate that cleavage
is the dominant mode of failure at room temperature. As temperature
is increased to 1470°F, (Figs. 5.62 through 5.64), cleavage still
prevails, but the fracture surface becomes rougher and secondary
intergranular cracking is visible. Furthermore, large areas of a grain

boundary phase are frequently exposed. This phase appears to have been
molten at some previous time. The rounded nature of the grain edges

is consistent with a liquid phasc sintering phenomenon that involves
partial dissolution at the grain-boundary interface. At 1832°F there
is little evidence of cleavage. Intergranular cracking appears
dominant in Fig. 5,65. The small Square particles (Fig. 5.65b) are
probably due to nucleation of a corrosion product.

Figure 5.€6 shows SEM micrographs of fracture surfaces of specimens
tested at 1115°F and 2000°F, respectively. The large grain in the
center of Fig. 5.66a shows evidence of cleavage. The entire area shown
in Fig. 5.66b contains the grain boundary phase which is somewhat
lighter than the grain proper, indicating a higher moulecular weight
than SiC. Non-dispersive x-ray analysis (Fig. 5.67) shows that the
grain boundary phase is rich in Fe.

The light phase in Fig. 5.66b is interpreted as being an Al;03
rich boundary phase. Intergranular cracking is the dominant mode of
failure at 2000°F.

Chemically Vapor Deposited Silicon Carbide

Chemically vapor deposited silicon carbide is a high purity,
non-conductive material which is extremely difficult to etch. Micro-
structural features were observed by examining fracture surfaces.
Figure 5.68 shows a low magnification replica transmission micrograph
of a specimen fractured at room temperature. Long columnar grains,
about 3-5 um wics, are typical of this material. Failure by cleavage
is clearly evident,
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Figure 5.61 Replica Transmission Micrographs of Room Temperature
Fracture Surfaces - Norton Hot Pressed SiC

Figure 5.62 Replica Transmissign Micrograph of 75Z°F Fracture
Surfaces - Norton Hot Pressed SiC

Figure 5.63 Replica Transmission Micrographs of 1115°F Fracture
Surfaces - Norton Hot Pressed SiC
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Figure 5.64

Replica Transmission Micrographs of 1472°F Fracture
Surfaces - Norton Hot Pressed SiC

Figure &

Figure 5.66

.65

Replica Transmission Micrograph of 1832°F Fracture
Surfaces - Norton Hot Pressed SiC

SEM Micrograph of Fracture Surfaces of Hot Pressed SiC
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Figure 5.67 Non-Dispersive X-Ray Analysis, Fracture Surface - Norton
Hot Pressed SiC

Figure 5.68 Columnar Structure in CVD-SiC Long Grains
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Higher magnification micrographs are shown in Fig. 5.69.
Figure 5.69a demonstrates secondary cracking along large-angle grain
boundaries. A change in the direction of the cleavage steps delineates
the columnar grain (Fig. 5.69b). This micrograph also shows a fine
granular substructure within the columnar grains (arrows).

Fracture surfaces that were prepared at high temperature (> 2000°F)
could not be examined due to the formation of a corrosion layer.
Specimens tested in inert atmosphere are being studied.

Figure 5.69 Replica Transmission Micrograph Room Temperature
Fracture Surfaces - CVD-SiC
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5.2.3 GAS-SOLID REACTIONS

Introduction

The work in progress to characterize the kinetic processes involved
in the static oxidation and sulfidation of silicon nitride has been
extended to include hot pressed silicon carbide. Thermochemical
considerations, the static oxidation of silicon carbide, and the
characterization of the surface oxide on SiC are discussed.

Thermochemical Considerations

When silicon carbide is exposed to oxidizing atmospheres at
elevated temperatures, a passive layer of SiO(s) is formed on the
surface according to the following reactions:

SiC(s) + 0y » Si0y(s) + CO(g) (1)
SiC(s) + 20 » Si0(s) + €0, (g) (2)

At low oxygen pressures, several gaseous species, e.g., Si(g),
Sip(g), Siz(g), Sio(g), 5i02(g) can form by the direct volatilization of
this surface oxide. However, gas turbines operate with highly oxidizing
gas mixtures with oxygen partial pressure close to 0.2 atm, the oxygen
partial pressure in air. At this oxygen partial pressure, the predominant
volatile species over Si0»s(s) is Si0a(g) with a partial pressure of
about 10-10 atm at 1600°K,(9) which is negligible. Therefore, any loss

of surface Si0p(s) by direct volatilization is not significant in the
oxidation of SiC in gas turbines.

However, Si0,(s) formed at the surface of silicon carbide can

react at the SiC(s) - Si0,(s) interface to produce Si0(g) according to
the reactions:

SiC(s) + 2 Si0z(s) » 3 Si0(g) + CO(g) (3)
SiC(s) + 3 Sidz(s) > 4 Si0(g) + CO,(g) (4)

Mass spectrometric analyses have confirmed(g) that CO(g) 1is
formed by the recaction of SiC(s) and Si0y(s). Therefore, reaction (3)
is considered most significant.

At low enough oxygen pressures, if all the surface Si02(s) reacts
according to reaction (3), bare SiC surfaces are exposed to promote
active oxidation of SiC by the formation of Si0(g). Wagner(10) has
developed a theory to interpret the transition between active oxidation
of silicon (weight loss by the formation of Si0(g)) found at low oxygen
partial pressures and passive oxidation (weight gain by the formation
of Si0(s)) at higher oxidation partial pressures. This theory was
used to calculate the oxygen partial pressure, Pgj(max), below which
the surface oxide reacts with SiC to expose bare SiC surfaces and above
which a stable Si0(s) layer is maintained. The calculations are based
upon the thermodynamic data appearing in Table 5.13, (ll)assuming
stoichiometric formation of CO(g) and SiO(g). The theoretical values




for oxygen pressures, Pg,(max), at different temperatures in the runge
1200 to 1600°K, are listed in Table 5.14. Since the oXygen pressures
in gas turbines are much higher than the Pp,(max) values in Table 5.14,

a stable Si02(s) layer will be maintained on the surface of silicon
carbide.

Gulbransen and Jansson (12)pave modified Wagner's treatment (10)
for explaining the active to passive transition in the oxidation of SicC
by taking into account the CI(g) pressures formed at the 5iC(s) - Si07(s)
interface. However, the basic result remains the same as that expressed
in the last paragraph.

Any SiO(g) formed at the SiC(s) - Si0y(s) interface diffuses outward
through pores and fissures in the surface oxide layer and is oxidized
to Si02(s) by reaction with oxygen. However, CO(g) formed at this
interface bursts through the oxide layer, creating pores and voids in
the surface oxide.

TABLE 5.13
Thermochemical Data for the Si-C-0 System( )

(o]

AGf‘ cal mole-1

Compounds 1200°K 1400°K 1600°K

SiC(s) - 15,263 - 14,905 - 15,548

Si0,(s) -166,296  -158,134  -150,027

Sio(g) - 48,672 - 52,491 - 56,244

Co(g) - 52,049 - 56,189 - 60,284
TABLE 5.14

Theoretical Values of Maximum Oxygen Pressures to
Remove all the Oxide on SiC Surface

Temperature PSiO(eq)’ Feaction(3) POZ(maX)
°K atm atm
1200 1.2 a0’ 4.8 x 10”8
1400 2.0 x 10°5 8.0 x 1070
1600 9.0 x 1074 A
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Static Oxidation of SiC \

Since a gas turbine environment represents passive oxidation in a
classic sense, the static oxidation behavior of silicon carbide reported
here reflects this phenomenon only.

The silicon carbide specimens in the form of 0.5" x 0.5" x 0.070"
flat plates, were cut from a billet of Norton hot pressed SiC. The
specimen was suspended from the Cahn electrobalance with a sapphire fiber
and maintained at desired temperatures in pure dried oxygen flowing at
the rate of 50 ml/min. The ~kanges in the weight of the specimen were
continuously recorded as a tunction of time on a strip chart recorder.

As silicon carbide oxidizes to silicon oxide according to
reactions (1) and (2), the difference in the molecular weights of
SiC(40) and Si07(60) is reflected as weight gain during oxidation.
Figure 5.70 shows the weight gain data for oxidation of SiC in 1 atm
oxygen at temperatures in the range 2200° to 2500°F. The weight gained
for oxidation at and below 2200°F was insignificant. The weight gain vs
time curves at temperatures between 2300° and 2500°F follow a parabolic
behavior after about an hour from the start of the oxidation. This
parabolic behavior can be represented by the equation:

W2 = Kpt

where W is the weight gain at time t and Kp is the parabolic rate
constant. Figure 5.71 shows a plot of the square of the weirit pgain (Wz)
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Figure 5.70 Oxidation Behavior of Norton's Hot-Pressed SiC in
Oxygen at 1 atm Pressure



as a function of time (t) for temperatures from 2300 to 2500°F. The

straight lines represent a region of parabolic oxidation at each

temperature. The parabolic rate constants, Kp, for oxidation of SiC

in 1 atm oxygen at different temperatures, arc listed in Table 5.15.

Each value of K? was obtained from the slope of the straight lines in
o)

Fig. 5.71. A plot of log Kp vs reciprocal temperature (1/T) is shown
in Fig. 5.72, where a straight line was drawn through the experimental
points by a least mean square analysis. Using Arrhenius equation:

Kp = A exp (-E/RT)

where E is the activation energy, R is the gas constant and T is the
absolute temperature, an activation energy of 115 kcal/mole is obtained
from the slope of the straight line in Fig. 5.72 for the oxidation of
SiC in 1 atm oxygen in the temperature range 2300 to 2500°F. .

Figures 5.70 and 5.71 show that the weight gained during the
first hour of oxidation is somewhat less than the parabolic rate observed
after this initial oxidation. The hot pressed SiC used in this study
contained about 5% tungsten carbide. During initial oxidation, the
tungsten carbide on the surface of SiC probably oxidizes to either solid
tungsten oxide with a very high vapor pressure, or to various volatile
tungsten oxides, causing a loss in weight. This loqf in weight causes
the initial weight gain obtained on oxidizing SiC to'"be somewhat less
than the weight gain expected from the observed parabolic rate. The
effect of WC on the oxidation of SiC is currently being examined in detail.
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Figure 5.71  Parabolic Plot of Oxidation of SiC in Oxygen at 1 atm
Pressure

207

-




After about 10 hours of oxidation, the weight gain observed
exceeds that predicted by the parabolic rate as seen in Fig. 5.71. The
CO(g) released at the SiC - Si0y interface bursts out through the oxide
layer exposing a bare SiC surface which can oxidize further. This

can cause the weight gain vs time curves to deviate from the parabolic
behavior.

TABLE 5.15

Parabolic Rate Constants for Oxidation of SiC in 1 atm Oxygen

Temperature Parabolic Rate Constant, Kp
°F g2 cm-4 sec-1
2300 4.84 x 10713
2400 2.32 x 10712
2500 6.23 x 16712
urve 650327~
-10.5}- ' ’ ‘ !
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Figure 5.72 Arrherius Type Plot Showing Parabolic Rate Constant
for Oxidation of SiC in 1 atm Oxygen as a Function of
Temperature
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Characterization of the Surface Oxide

The surface films on SiC specimens oxidized for 20 hours in 1 atm
oxygen at temperatures between 2000 and 2500°F were characterized using

x-ray diffraction and scanning electron microscopy.

The oxide film from the surface of oxidized SiC specimens was
scraped and analyzed by x-ray Debye-Scherrer patterns using Cu-K

radiation.

2009 and 2300°F was

The surface layer formed at oxidation temperatures between
low-cristobalite; at 2400 and 2500°F small traces

of Al203 were also observed in addition to the low cristobalite.
There was no evidence of W07 in the x-ray patterns, indicating that

either it's concentration was too small to be detected by x-ray diffraction

or any tungsten oxides formed were removed by volatilization.

The surfaces of SiC specimens oxidized at different temperatures

were cxamined by scanning electron microscopy to determine the surface

morphology and other characteristic features of the oxide layer
(Figs. 5.73 and 5.74). The specimen oxidized at 2000°F (Fig. 5.73a)

showed that little oxide was formed leaving the SiC grain structure still

At oxidation temperatuvres of 2200 and 2300°F,
(Figs. 5.73b and 5.73c) the surface was cover=d with a layer of silica

visible at the surface.

with small white particles distributed throvghout the surface. These
wvhite particles were identified as aluminum silicate. At oxidation

temperatures of 2400 and 2500°F, (Fig. 5.74) the surface was uni formly

covered with an oxide layer. At these high temperatures the alumina

apparently reacts with silici, since no discrete alumina particles
were observed.

Pores in the oxide layer, particularly at higher oxidizing

temperatures, represent another prominent feature in scannin electron
3

micrographs.

SiC(s) - Si02(s) interface which literally bursts out through the oxide

layer, causing rupture. Pores in the oxidized film thus formed may be

During the oxidation of SiC, CO(g) is formed at the

healed subsequently by gas phase transport.

(A) 2000°F
Figure 5.73

(B)2200°F (C) 2300°F

Scanning Electron Micrographs of Surfaces of Silicon
Carbide Specimens Oxidized for 30 Hours in 1 atm Oxygen
at Different Temperatures (2500X)
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(D) 2400°F (E) 2500°F

Figure 5.74  Scanning Electron Micrographs of Surtaces of Silicon

Carbide Specimens Oxidized for 20 Hours in 1 atm Oxygen
at Different Temperatures (2500X)
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5.3 NON-DESTRUCTIVE EVALUATION OF MATERIALS
SUMMARY

A very important aspect of the development of ceramic
gas turbine engines is the need to meaningfully inspect and test
ceramic components before installation in the ‘engine. The objectives
of the NDE work are to identify and classify defects and to gain
as much information as possible on the properties of the material
from which the component is manufactured. Both property and defect
information are being related to performance of the component,
leading eventually to routine inspection and acceptance/rejection
based upon established actual performance. All available non-
destructive means must be used to accomplish this goal and new
methods must constantly be evaluated to determine¢ their usefulness.
Procedures utilizing ultrasonics, x-ray radiography, and acoustic
emission (AE) are currently being applied to ceramic systems for
evaluation purposes.

Work has been initiated on the utilization of a pulse-echo
technique for the measurement of subsurface flaws in hot-pressed
silicon nitride. This technique is particularily applicable to
very small flaws that are not detectable using conventional NDE
methods. The system combines flaw signal information with phase
information associated with the flaw signal, and results in in-
creased resolution and sensitivity.

A secondary method for measuring sonic velocities in gas
turbine ceramic materials has been developed. This method introduces
an elastic wave by electronic pulsation of the test specimen,
and is capable of measurements within 1% of data obtained by
the resonance techniques used in the past.

Several silicon nitride simulated turbine rotor segments
were studied vusing ultrasonic c-scanning techniques. Although
ideal instrument sensitivity levels were not available, test results
did indicate the quality of the silicon nitride bond and produced
a relative rating of the rotor segments.

A step block standard was fabricated for the purpose of
studying subsurface flaws in hot-pressed silicon nitride using
radiographic techniques. The standard will be used to optimize
radiographic procedures for checking turbine rotor materials.
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5.3.1 ULTRASONIC NDE

Introduction

The procedures used to ultrasonically evaluate ceramic
materails continue to be updated and refined as progress is
made in optimizing the instrumentation and evaluation methods.
Methods proviously developed to ultrasonically evaluate specific
components are inadequate for the detection of small subsurface
flaws in critical components such as ceramic rotors. Successful
operation of ceramic rotors may rely heavily on the ability
to detect very small defects. The effect of flaw size on structural
integrity has yet to be determined, although some progress in
this area has been realized.

Ultrasonic NDE of Ceramic Rotors

It has been proposed that subsurface flaws of a size approaching
the grain size of a material will determine a component's response
to mechanical and thermal stress. High frequency instrumentation
is needed to approach the sensitivity necessary to detect these
very small flaws. A limited program is being conducted at the
University of Michigan utilizing a technique which is capable
of detection of subsurface flaws much smaller than those detected
by available conventional means. This pulse-echo system was
developed at the University of Michigan, and employs electronic
methods to increase the signal-to-noise ratio while utilizing
phase information associated with the flaw signal. This results
in increased resolution and sensitivity while negating the electrical
eft:cts of the transducers. Hot-pressed SisN, is being evaluated
using this technique, since the subsurface flaws normally found
in billets of this material consist of impurities and very small
voids; both are difficult to detect with conventional ultrasonic
instrumentation.

Measuring the sonic velocity of a material permits the
calculation of the dynamic modulus of elasticity and Poisson's
ratio easily and non-destructively. Taking numerous measurements
also yields information relating to density gradients within
the part. Efforts are continuously being made to obtain this
data as accurately as possible. Previously, the modulus of
elasticity of ceramic rods and bars were measured by determining
the longitudinal resonant frequency of the specimen. This was
accomplished by coating one end of the specimen with silver
conducting paint and iron powder so that the material could
be electromagnetically excited to resonance. The other end
was coated with silver conducting paint only and resonance detected
by measuring the change in capacitance as the specimen was displaced.

Longitudinal velocities, within 1% of data calculated from
these measurements, have been reproduced by another method.
The basic system is shown in Fig. 5.75. The pulse generator
consists of a pulser and magnetostrictive transducer with a
needle-tipped lead-in which is pressure-coupled to the test




specimen. This pulser system emits a short, broadband pulse

with a center frequency of approximately 100 KHZ at a constant
repetition rate. The pulse travels the length of the test specimen,
is detected and amplified by acoustic emission instrumentation,

and displayed on an oscilloscope. The time the pulse takes

to travel the length of the specimen can then be measured very
accurately and the velocity calculated.

Several simulated duo-density rotor segments were ultrasonically
C-scanned to determine if variations in fabricating procedures
could be detected. A 5 MHZ focused transducer was used for
this evaluation which was conducted with the objective to discern
only relative differences in the segments,

The C-scans of the rotor scgments are shown in Fig. 5.76
through Fig. 5.78. These recordings reflect arbitrarily selected
instrumentation sensitivity levels, and therefore the dark indi-
cations may or may not correspond to actual flaws of the same size.
Without establishing sensitivity levels from some standard small
flaws could be completely missed or expanded larger than actual
size during ultrasonic scanning. This effect is shown in these
C-scans since the extent of specific flaws can be seen to vary as
the instrumentation sensitivity changes.

The regions chosen for evaluation were hot-pressed/hot-
pressed and hot-pressed/reaction-sintered interfaces. Only the
interface bencath the hub is shown in the C-scans. Fig. 5.79
shows the method used for examining the various interfaces. Only
segments were used for evaluation. Segment HP-129 does not have
a hot-pressed/hot-pressed interface. Figures 5.76 and 5.78 reveal
the apparent outer diameter of the center slug as shown by the
C-scan of HP-139,

ACQUSTIC

EMISSION (AE)
MAGNETOSTRICTIVE TRANSDUCER
TRANSDUCER

TEST SPECIMEN

LEAD IN

PULSER

AE
PREAMP.

'

O

OSCILLOSCOPE

AE
PROCESSING
INSTRUMENTATION

Figure 5.75 Block Diag—am of Sonic Velocity Measurement
System
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Figure 5,78 Ultrasonic C-Scan of Duo-Density Rotor Segment ]
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Figure 5.79 Method for Ultrasonically Scanning Interfaces of
Duo-Density Rotors
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The scans indicate the presence of defects located in the
hot-pressed/reaction-sintered interface. No defects are observed
in the hot-pressed/hot-pressed interface in the rotor segments,
However, it must be emphasized that the procedures used were
not optimized, and therefore it cannot be conclusively stated
that perfect hot-pressed/hot-pressed bonding was achieved.

Ultrasonic NDE techniques are being utilized for the stationary
turbine project for the detection of critical defects in billets,

test samples, and turbine components made from hot-pressed SigNy
and SiC.

Longitudinal velocities, within 1% of data calculated from
these measurements, have been reproduced by another method.
The basic system is shown in Fig. 5.75. The pulse gencrator
consists of a pulser and magnetostrictive transducer with a
necdle-tipped lead-in which is pressure-coupled to the test
specimen. This pulser system emits a short, broadband pulse
with a center frequency of approximately 100 KHZ at a constant
repetition rate. The pulse travels the length of the test specimen,
is detected and amplified by acoustic emission instrumentation,
and displayed on an oscilloscope. The time the pulse takes
to travel the length of the specimen can then be measured very
accurately and the velocity calculated.

Scveral simulated duo-density rotor scgments were ultrasonically
C-scanned to determine if variations in fabricating procedures
could be detected. A 5 MHZ focused transducer was used for
this evaluation which was conducted with the objective to discern
only relative differences in the segments.

The C-scans of the rotor segments are shown in Fig. 5.76
through Fig. 5.78. These rccordings reflect arbitrarily selected
instrumentation sensitivity levels, and thercfore the dark indi-
cations may or may not correspond to actual flaws of the same
size. Without establishing sensitivity levels from some standard,
small flaws could be completely missed or expanded larger than
actual size during ultrasonic scanning. This effect is shown
in these C-scans since the extent of specific flaws can be seen
to vary as the instrumentation sensitivity changes.

The regions chosen for evaluation were hot-pressed/hot-
pressed and hot-pressed/reaction-sintered interfaces. Only
the interface beneath the hub is shown in the C-scans Fig. 5.79.
Only segments were used for evaluation. Segment 1IP-129 docs
not have a hot-pressed/hot-pressed interface. Figures 5.76
and 5.78 reveal the apparent outer diameter of the center slug
as shown by the C-scan of HP-139,

The scans indicate the presence of defects located in the
hot-pressed/reaction-sintered interface. No defects are observed
in the hot-pressed/hot-pressed interface in the rotor segments.
However, it must be emphasized that the procedures used were
not optimized, and therefore it cannot be conclusively stated
that perfect hot-pressed/hot-pressed bonding was achieved.
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Ultrasonic NDE techniques are being utilized for the stationary
turbine project for the detection of critical defects in billets,

test samples, and turbine components made from hot-pressed SisN,
and SiC.

Low density inclusions have been identified on hot-pressed
Si3Ny by ultrasonics, and many of tlhese have been confirmed
by billet sectioning. Two types of inclusions have been identified;
high density inclusions,:which are rich in W and Fe, and low
density inclusions, which occasionally contain BN.

A section of a hot-pressed billet of HS-130 material (Fig.
5.80) was subjected to X-ray radiography and ultrasonic testing.
The defect marked II was detected by X-ray radiography but was
not detected by the ultrasonic testing. This defect was later
found to be an Fe rich inclusion.

The defect marked I was not detected by X-ray radiography,
but was detected by ultrasonic testing.

The ultrasonic testing is an "A Scan' water immersion test,
utilizing a focused LiS transducer operating at a frequency
of 10 MHZ. In this particular test a 2.5 in. focal-point-distance
was used. The transducer slowly scanned the billet surface,
(in this particular test, surface 1, Fig. 5.80.) A normal echo,
at a given point, is shown in Fig. 5.81. The high peak on the
left -is the reflection of the sound wave from the top surface
and the high peak to the right is the reflection from the bottom
surface. The small peak is a secondary reflection. The distance
between these two peaks represent the thickness of the test
piece. At a point above flaw I, an extra peak (with the secondary
reflection) appears between the main surface reflections, Fig.
5.81. The flaw is located about 3/8 in. below the top surface.

- 258"
ey
, 4; ”4’3; t 4"
(A L3
z -F'
4 '.EvffE"
' 13/16"

61/ "

L. Low density inclusion detected by "A Scan"
I1. High density inclusion detected by x—ray radiography

Figure 5.80 Schematic of Billet Used for Ultrasonic Flaw
Evaluation
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! The billet was then turned around and the flaw was detected
again, now at a distance of 9-1/16 in. below surface 2, Fig.
i 5.81. These two reflections confirm the location of the flaw

along the 1-3/16 in. direction. The test was repeated with
the transducer in surface 4, Fig. 5.81, to identify the exact
location of the flaw.

t E \-—13;1&"~—| v b—slg—”ﬁllm“’j i

c 9/16 '] d twg.. ] -J
—13/16" = 13/4" —

a) Typical echoes from undisturbed material

b) Echoes from flaw I, transducer on Surface 1
) Echoes from flaw I, transducer on Surface 2
d) Echoes from flaw I, transducer on Surface 4

Figure 5.81 10 Meghertz Shear Waves in Hot Pressed Silicon Nitride g
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5.3.2 ACOUSTIC EMISSION

On the stationary turbine project, preliminary tests using
broader frequency ranged equipment indicate that silicon nitride
emits little sound as it is loaded until just before failure,
when the sound rate increases considerably. A few samples that
failed at significantly lower load emitted more sound at low
stresses. At present, thermal shocked specimens of hot-pressed
silicon carbide having cracked surfaces are under test to determine
emission levels from known flaws.

Ultrasonic flaw detection was applied to tensile specimens and
showed some failures had occurred at points associated with
areas causing sound reflections in the material's interior.

A significant number of samples failed at surface flaws, such

as grinding scratches. A block of silicon nitride has been
thoroughly searched by ultrasonics for flaws. FEach flaw will

be cut out in a slab and subjected to x-ray search. Eventually
the actual point that causes sound reflection will be studied
directly. Fig. 5.82 show the oscillograph of the block. The
large square peak on the left is tae sound pulse and the smaller
peaks indicate areas that are different enough to reflect sound.
The right end peak represents the opposite end of the material.

(A)

Figure 5.82 Ultrasonic "A Scan' Pulse Echoes from Silicon Nitride
Billet
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5.3.3 X-RAY RADIOGRAPHY

Radiographic analysis has not proven to be particularly
effective in the detection of small subsurface flaws in ceramic
material with thick sections. This technique, however, has afforded
a means of finding gross flaws in complicated shapes. It is
therefore a valuable tool which can be used for initial s<reening
and elimination of grossly defective components.

Since several different shapes of silicon nitride may be
used to fabricate a duo-density turbine rotor, it is necessary
to determine the quality of the individual parts. Therefore,
efforts have teen specifically made to optimize radiographic
techniques for hot-pressed silicon nitride. It became necessary
to fabricate a standard from which all radiographic processes
could be optimized and compared.

A billet of Norton hot-pressed silicon nitride (code HS-
130) was selected and a step block was then fabricated following
esta' lished practice to determine radiographic quality levels
in metal systems.(13) The radicgraphic standard is shown in
Fig. 5.83.

Figure 5.83 Hot Pressed Silicon Nitride Radiographic
Step Block Standard
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While penetrometers are normally placed on each step of
the standard in metal systems, it was decided to make them an
integral part of the ceramic standard. To accomplish this, sufficient
stock was left on the surface of each step to machine the penetra-
meter by ultrasonic methods. The final thickness of the penetra-
meter, or height relative to the stcp surface, represents 2%
of the step thickness and the depth of the corresponding 1T,
2T and 4T holes (T equals the penetrometer thickness). Processes
such as xeroradiography and neutron radiography will also be
evaluated using this ceramic standard as a basis for comparison.
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